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CHAPTER I

INTRODUCTION
A large body of literature exists concerning the

kinetics and morphology of polymer crystallization.
Studies have been conducted on polymers crystallizing

from melts, glasses, vulcanizates and dilute solutions ^"^
.

The vast majority of research has been conducted on materials crystallized under quiescent conditions.

Far

less research has been conducted on materials that have

crystallized under stressed or oriented conditions.

Of

these studies, most have dealt with crosslinked systems.

Stirred dilute solution systems have received less attention, while stressed, uncrosslinked melts have re-

ceived relatively little attention.

Most of the studies carried out on the crystallization
of stressed polymer melts have been conducted on thin films

or under poorly defined conditions.

Generally, morphological

studies have been carried out on the materials after they
were removed from the stress environment.

The purpose of this thesis was to study the kinetic
and m.orphological behavior of polyethylene oxide melts as

they crystallized under shear.

To accom.plish this, it was

necessary to construct a shearing device that allowed direct
observation of the crystallizing system.

Kinetic and

morphological studies were carried out
on polymeric
material both during the shear crystallization
and

afterwards when the fully crystallized material
had
been removed from the shearing device.
The following review provides further
justification
for this thesis, as well as an orientation
toward the

concepts to be developed.

Morphology of Crystalline Polymers
The gross morphologies of polymers crystallized

under quiescent conditions range from the single crystal

produced from dilute solutions to the lamellar aggregates of bulk crystallized materials.

The basic mor-

phology that appears to be common to all these gross

morphologies is lamellar.

Crystallization of polymeric

material consists of the packing of the backbone chains
into a regular array.

It is widely accepted that the

polymer chains are arranged with their backbones, c axes
in a direction perpendicular to the large flat faces of

the lamellae.

Whether the chains, which are longer than

the thickness of the lamellae, fold back and enter the
same lamella, traverse to adjoining lamellae, or join an

amorphous m^atrix in which the crystalline regions are em

bedded is still

a

point of conjecture.

It is generally

accepted that each concept is partially operative de-

pending on the conditions of crystallization.

V^/hatever

the status of the polymer chain ends,
there is an

overwhelming amount of evidence to support
the concept
of lamellae as the basic morphological
unit of polymers
crystallized under quiescent conditions.
Polyethylene Oxide Morphology
The gross morphologies of PEO crystallized under

quiescent conditions run the gamut from single crystal
to spherulite.

Single crystals from dilute solution

have been grown by both Price and Holland.^
The hedrite is a structure with properties intermediate

between those of single crystals and spherulites.
be grown from either melts or solutions and

ai^e

They may

generally

defined as structures possessing a polyhedral appearance.
The extent to which a hedrite resembles a spherulite or

single crystal depends on concentration conditions under
which it was grown.
by Geil

6

These structures have been observed

in PEO and appear to consist of dendritic sheaves.

Very large lamellar spherulites of PEO can be
easily from thin films of the melt.

growi:i

In fact, PEO was one

of the first synthetic polymers in which spherulites were

observed.

7

Polarized light microscopy shows dendritic

structures wibh poorly developed Maltese cross patterns.

o

Transmiss j.on electron microscopy shows large lamellae with
spiral growths on their faces.

.

Spherulites are considered to be
spherically symmetric
arrays of ordered lamellae. A true
spherulite is indeed
spherical and may be grown in a bulk melt.
That which is
usually observed is a radially symmetric
array that has been
grown in a thin film. It is considered
that sectioning the
spherical entity will produce the same morphology
as that

seen in spherulites grown in thin films.

This indeed may

be the case for certain polymers, but it does
not seem to
be true for PEO.

When PEO is crystallized from thin films, the Maltese
cross pattern indicative of true spherulitic structure is

present.

However, crystallization from thick samples pro-

duces a birefringent spherical entity in which no Maltese
cross pattern is apparent.

This, and the light scattering

studies of Stein and Rhodes,^ seems to indicate that the
large spherical entities grown from thick samples of PEO are

not true spherulites but rather spherical crystalline

aggregates

X-ray studies by Price and Kilb^ and Tadokoro, Chantani,
Yoshihara, Tahara and

Murahasi"'"*^

indicate that the poly-

ethylene oxide molecule in the crystalline state has a 1^
helical structure with 28 (C2H^0) units per unit cell.
Tadokoro, et al . determined internal rotation angles of
(OCCO)
a

-

64^58'

and (CCOC)

=

188° 15' which correspond to

nearly trans, trans, gauche succession.

.

Overall Transformation Kineti cs
The overall transformation kinetics
of polymer

crystallization describe the combined effects
of nucleation and growth of crystalline entities
from the

amorphous melt.

The first treatment of this type ap-

pears to have been developed by Von Goler and
Sachs.
12-14
Avrami
derived relationships to describe the ki-

netics of phase change for metals.

Other authors^^'^^

also derived relationships similar to those of Avrami

by different approaches and applied them to polymers.

Avrami kinetics are based on several assumptions
that are not fully met in polymer systems.

The first

assumption is that nuclei form randomly throughout the
melt.

This will not be true if the v;alls of the con-

tainer which contain the experiment nucleate the melt.
It is also assumed that the nucleation process is either

instantaneous, giving a zeroth order time dependence, or

sporadic to yield a first order time dependence.

Sharpie

has observed experimentally that nucleation can be de-

scribed as a combination of both zeroth order and first
order processes in the polymers PEO, polyoxymethylene,

polypropylene, polyethylene and polydecamethylene

terephthalate
A third assumption is that the radial dimensions of
the growing crystalline entities increase linearly with

time.

This is generally observed to be true
except when
the growing bodies are close to impingement.

A further assumption is that the density of
the
transformed phase is constant.

This is also not true

for polymers,

Dilatometric techniques provide the necessary
information for following the phase change from amorphous

melt to crystalline polymer.

The fraction of material

transformed may be expressed as,

where a is the weight fraction^^ of transformed material,
is the volume of the sample at any time during the experi-

ment, and Vq and

are the initial and final volumes of the

sample, respectively.

It is assumed that the material is

entirely crystalline at the end of the process.

Hence, as

the volume of the sample decreases during crystallization,
a monotonically increasing sigmoidal shaped curve of a as
a function of the time of crystallization should result.

This is described in terms of Avrami kinetics as,
a = 1 - exp("Kt^)

.

1-2

Here, t is the time of crystallization and n describes the

combined eff^^cts of the time dependence of the nucleation
process and the dimensionality of the growing crystalline
entity.

Hence, for a growing sphere (dimensionality of three)

that was nucleated sporadically (first
order time dependence),
the value of n would be four. Likewise,
spherical growth
with instantaneous nucleation would yield an
n value of three.
The value of K in equation 1-2 is given by,
K =

Ng\ p^

for spherical growth.

Here, N is the nucleation rate, G the

linear growth rate and p^ and
p^ are the densities of crys-

talline and amorphous phases, respectively.
The usual method of data treatment is to plot In In
as a function of In t.

(

1

1
—

)

cc

This will produce a straight line

with slope n and intercept K.
assume integral values from

1

According to theory, n must
to 4.

Several authors

»

have used the value of n to describe the type of nucleation
in a system as well as the geometry of growth.

has not proven very successful.

This approach

It is not unusual to find

non-integral values of n in the literature that have been

determined experimentally. 21-23
been found

24

Further discrepancies have

in that investigators have observed a given type

of morphology developing by microscopy that did not match

that predicted by Avrami analysis of dilatometric data.

Another deviation from behavior predicted by Avrami
kinetics occurs in polymers,

Avrami plots of In In

1

(

1

-

)

a"

versus In t do not describe the entire crystallization process.
Deviations occur at higher fractions of transformed material.

8

The level at which this occurs depends
on the material and
conditions of crystallization. Beyond the
point of deviation,
Avrami kinetics V7ill predict fractions of
transformed material higher than those observed. Even if the
data is well
described over the major portion of the crystallization
process, no account is taken of secondary
crystallization.

In light of the previous discussion of the
assumptions
and shortcomings of Avrami analysis, due care should
be

exercised in interpreting results of this type of analysis.
This is not to say that an Avrami analysis is useless, as
it may be the only feasible method for data correlation and

analysis.

At the very least, Avrami kinetics offer a useful

comparative technique.
Stress Crystallized Polymers

Polymers crystallized under stressed conditions exhibit

different transformation kinetics and morphologies than those
crystallized under quiescent conditions.

A wide variety of

techniques have been employed to impose stresses on crys-

tallizing polymers.

These include ultrasonic radiation,

stirring of crystallizing dilute solutions, stretching of

crosslinked material, shearing of uncross linked melts and
—
crystallization under pressure. 26 28

Stirred dilute solutions .

A fibrous structure is

produced if dilute solutions of polyethylene are stirred
during crystallization.

These structures were observed by

Keller^^ and Blackladder and Schleinitz^^
prior to their
controlled production by Pennings and Kiel.^°
Lindenmeyer^^
applied the descriptive name of "shish-kebab"
structure for
these fibrous structures.
It has been found that a critical stirrer speed"^^
or

extensional flow rate 3 3 is necessary to produce the shish-

kebab structure.

Laminar flow fields produce only flaky

precipitates such as those grown under quiescent conditions
from dilute solutions.

The critical stirrer speed or ex-

tensional flow rate is the point at which secondary flow
effects known as Taylor vortices are produced.

It appears

that the Taylor vortices are necessary for production of

shish-kebab structures.
The general crystallization mechanism seems to be

production of an extended-chain backbone which acts as

a

nucleus for epitaxial grov/th of the lamellar kebabs.

Fractionation of the solution also appears to occur,

vjith

the high molecular weight material crystallizing first at

temperatures greater than those observed under quiescent
conditions.

34

The faster the solution is stirred, the

faster the fibrous material forms on the stirrer. 35

Morphological studies 3 G " 33 of the shish-kebab
structures indicate three levels of morphology.
level consists of the kebabs.

The first

These appear to be the usual

chain folded lamel 1 ae v/hich have nucleated on the fibrous

backbone.

The fibrous backbone may be obtained
free of
these lamellae by either stopping the
crystallization process before they form or selective dissolution
of pre'

existing ones.
The backbone fiber appears to consist of two
structures.

'

There is a 200-3001 periodicity along the

central backbone.

These show up as density differences

in unshadowed transmission electron micrographs.

These

periodicities can be converted to the appearance of the
epitaxial shish-kebabs by suitable treatment with a nitric
acid etch and/or ultrasonic degradation.

Removal of these

ordered platelets reveals what has been termed the central
thread or fibril.

This central fibril is postulated to

consist of highly extended polymer chains.

Indeed, the

fibril is extremely resistant to acid etching and appears
to preserve its ordered structure above the normal melting

point of polyethylene. 3 9

Pennings has also found that the

fibrous material possesses a relatively high modulus along
the fiber, but a low extensibility.

Vulcanizate s .

The term vulcanizate is used here to

indicate crosslinked materials or rubbers.

This subject

will not be considered extensively here as this thesis is

more concerned with flowing system.s.

This should not imply

that similar morphologies or mechanisms do not exist for

crosslinked and non-crosslinked systems, only that the emphasis in the present work is toward flowing systems.

One of the earliest quantitative
studies on the
crystallization of stressed rubber was carried
out by
Treloar. 40 The techniques of birefringence,
X-ray dif-

fraction and density measurement were used to
follow the

crystallization of stressed raw rubber at various extensions.

The samples were cooled to 0°C, stretched to

a given extension and held there while crystallization

occurred.

Birefringence and density measurements showed

that the higher the extension, the higher the rate of

crystallization.

X-ray diffraction studies of the stress

crystallized samples showed definite orientation which
increased as the extension at which the samples were

crystallized was increased.

Comparing these diffraction

patterns, which showed elongated spots, to the ring patterns of rubber crystallized in the absence of stress,

Treloar concluded that the polymer chains were preferentially oriented in the stretch direction.
Gent

41

also studied the crystallization of stressed

natural rubber.

He employed density measurements to follow

the relatively rapid crystallization of the stressed samples
and found wide deviation from theoretical Avrami kinetics.

Microscopical examination of the materials showed that as
the elongation at which the specimen was crystallized was

increased, the morphology changed from spherical to aciform.

A further observation on the change in morphology upon
stress crystallization was observed by Scott in 19b9.

42

He

reported seeing fibrillar structures running
in the direction
of strain.
43
^
A
Andrews
conducted investigations on the morphology
and nucleation behavior of stressed natural
rubber. Thin
films of rubber were cast on the surface of water,
strained

to various degrees, allowed to crystallize and
observed by

transmission electron microscopy.

At strains up to ap-

proximately 300 per cent, row-like structures composed of
fibrous needles perpendicular to the stretch direction
formed, and the spherulitic morphology disappeared.

Andrews

termed these needles a filaments as they seemed to grow in
the direction of the crystallographic a axis.

As the strain

was increased from 300 to 700 per cent, the a filaments dis-

appeared and were replaced by a fibrous morphology parallel
to the stretch direction which were termed y filaments

since their axis was the c molecular axis.

Andrews concluded that the a filaments actually were
the basic morphological unit.

The y filaments were ac-

tually very short a filaments whose lateral growth had

been restrained because of the high nucleation densities
present at the high extensions.
The nucleation of the system was measured in terms of
the length of the a filaments as a function of time.

It

was found that the rate of attainment of a given degree of

crystallinity increased as the strain increased and that

the nucleation density increased very rapidly with
strain.

An interesting point was that the effect of strain was to

increase the nucleation rate, but not the growth rate, of
the a filaments.

The relation of the a to the

y

filaments was further

shown by electron diffraction patterns.

By extensions

of 150 per cent the spherulitic nature of the sample had

disappeared and the a filaments were in the sample.

At this

point, the diffraction pattern of the stress crystallized

samples had fully developed and showed no further change

with increasing strain and transition to the

y

morphology.

Hence, again, it appeared that the change from a to

y

mor-

phology was a reflection of the rates of nucleation and
lateral growth and not a reorientation of the crystalline

units basic to the a form.
Kawai, Iguchi and Tonami

44

studied the crystallization

of stressed crosslinked melts of polyethylene using dila-

tometry

,

transmission electron microscopy and X-ray analysis.

Crosslinked samples were stressed above the melting point and
quickly brought to the desired crystallization temperature.
The volumetric changes were followed and an Avrami analysis
applied.

It appeared that the initial crystallization was

enhanced by Lne stress, but the latter stages of the process
were retarded.

Avrami n values of unity were obtained for

the early stages of the crystallization, which were taken to

indicate a one dimensional growth.

14

Electron microscopy of the stressed samples
showed
lamellar structures perpendicular to the
stretch direction.
This, in conjunction with X-ray studies,
led the investi-

gators to conclude that at low elongations the
morphology

consisted of stacks of chain-folded lamellae.

The arrange-

ment of the lamellae led to the observed orientation
of the
system. It was felt that higher elongations yield
the
c

axis orientation of the extended chain morphology.

The critical point was made by Kawai, et al . that
the amount of macroscopic deformation is not important in

determining the kinetics or morphology, but rather the
degree of orientation of the molecular segments prior to

crystallization.
The theoretical aspects of the kinetics of crystallization
for stressed crosslinked materials have been considered by

Flory.

45

This analysis dealt with developing an equilibrium

theory for the effect of strain on crystallinity .
statistics and equilibrium conditions were assumed.

Gaussian
Flory

felt that the accelerated increase in tension with elongation
and the ultimate steep slope of the stress-strain curve for

crystallizing rubbers were the consequence of the crosslinking
effect of the developing crystallites and the small residue
of the easily deformable amorphous material at high elongations.

Based on the previous considerations and the assumption
that crystals developed only in the direction of extension,

Flory developed a relation between the
degree of crystallinity
of a sample, a, and the stress at a
given elongation,
a = K[l - (T/T^)]

HeroT and

.

are, respectively,

the stress at which a is

measured and the initial stress before crystallization
begins.
The value of K is given by,

where m is the number of statistical segments between
crosslinks and A is the elongation ratio.

It will be noticed that

the degree of crystallinity predicted by this equation is
not
a function of the crystallization temperature.

Gent showed

in his previously mentioned study that this analysis fit his

data quite well for extension ratios greater than two.

At

ratios lower than this, a degree of crystallinity larger
than that calculated is required to reduce the stress to
zero.

Flory further calculated the effect of extension ratio
on the melting point of a crosslinked system.

The relation

is based on statistical mechanical considerations and is

given by,
1

mO
T

m

-

mm

1

T

=

1-5

R

AH

Jrm

2m

Ani

is the equilibrium melting temperature for the unstressed

sample and ah^ is the heat of fusion per mole of statistical
segments*

For the same reasons as those cited for the failure

of the elongation-degree of crystallinity
equation, this

melting point equation fails at low extensions.

Krigbaum and Roe'*^ utilized X-ray analysis
to study the
crystallite orientation in stress crystallized
samples of

polychloroprene.

They derived a melting point-elongation

ratio alternate to that of Flory.

It is based on free

energy considerations and Gaussian statistics and yields,

-L
rpO

-

JT

(A^ + 2/A - 3)

=

I_7

2aH N

^m
where N is the number of statistical segments per chain.
It has been found that although this equation predicts the

melting point at low extensions better than that of Flory,
it tends to underestimate the equilibrium melting point at

higher extensions where Flory 's equation does quite well.

Kim and Mandelkern 47 further tested the theories of
Flory and Krigbaum and Roe using natural rubber and arrived
at the previous conclusions regarding prediction of melting

temperature as a function of extension.

They also applied

an Avrami analysis to their crystallization data and found

n = 1 at high elongations.

Deviations from predicted Avrami

behavior occurred at high values of a

.

They conclude, from

calculations of the interfacial free energies of the system,
that the increase of crystallization rate with extension at
a

given temperature is due pax~tially to the changing mor-

phology of crystallization, but mainly to the increased
supercooling as predicted by Flory 's theory.

They also

17

conclude, however, that if the
initial crystallization rate
is compared at equivalent
supercoolings higher extension
ratios lead to lower rates of
crystallization. This appears
to be due to formation of isolated
crystallites, rather than
correlated crystallization as seen in
undeformed
,

systems,

and is reflected by changes in the Avrami
n value and the
change in the interfacial free energies.

Melts.

In 1964, Ashby^^ extruded lightly crosslinked

melts of polyethylene from an Instron Capillary
Rheometer
and rapidly quenched them. Those materials
extruded
at 0.002 inches/minute were considered to be
unoriented,

while those extruded at 0.05 inches/minute were
considered
to be oriented.

The extrudates were then sealed in a dila-

tometer and heated to 143° C for a period of time that Ashby

felt was sufficient to melt the material but not remove the

orientation.

The samples were then crystallized at 125° C

and the data subjected to an Avrami analysis.

It was found

that the n value went from 1.8 to 0.4 for the unoriented
samples as the fraction of transformed material increased.

The oriented material showed several definite changes in
the slope of the lnln(l/l-<i) versus In t plots.

from 1.1, to 0.5, to 2.2 and finally to 0.3.

cribed this behavior to selective
the oriented material.

grov\/th

Here n went

Ashby as-

directions in

X-ray analysis of the oriented ma-

terial showed a b-axis orientation normal to the extrusion

direction.

van der Vegt and Smit^^ extruded
isotactic polypropylene
in the temperature range of 160 - 180°
C.
As would be expected, the apparent viscosity decreased
as
the shear stress

was increased.

However, at high shear stresses, a
critical

point was reached at which the viscosity suddenly
began increasing. This effect was attributed to crystallization

of

the melt even though they were working some 10 - 30°
C above

the quiescent crystallization temperature.

Similar results

were found for unvulcanized samples of cis-1,4
polybutadiene
and cis-1,4 polyisoprene.

Keller and Machin^^ published a paper in 1967 which

attempted to correlate the morphologies observed for
stressed crystallization conditions ranging from stirred

dilute solutions to crosslinked rubbers.

Their conclusion

was that when stress or flow is imposed on a crystallizing

polymer melt, crystal nuclei are produced along lines

parallel to the stress or flow direction.
nuclei grow chain folded lamellae.

Onto these

However, the nucleation

density along the lines is so high that the lamellar growth
can only occur perpendiculair to them.

Whether the lamellae

twist as they grow to give a b-axis orientation, or grow
straight out to give c-axis orientation depends on the mag-

nitude of the stress applied to the system.
stress, the less twisting.

The higher the

Examples ranging from Pennings

type structures to the row nuclei of Andrews were considered.

They further postulated that the
nucleating lines or threads
were of the nature of extended chains.

Williamson and Busse^^ have postulated the
mechanism of
intercluster links to explain the extended chain
nature of
materials crystallized under flow. Their concept
is based
on the observations of intercrystalline links
by Keith,
Padden and Vadimsky .

'

Keith, et al . observed fibrils

running between lamellae in quiescently crystallized
polyethylene.

They postulated that these fibrils arose from one

polymer chain concurrently participating in the formation
of
two lamellae.

As the lamellae formed, the chain would be

"reeled" into the lattice.

Williamson and Busse proposed

a similar reeling-in process in materials crystallizing

during flow.
The proposed mechanism consisted of molecules forming
"long chain entanglements" that acted as "snubbing posts"
to retard the motion of molecules past one another.

These

effects would produce "elastic turbulent flow" at high
shear rates.

This would cause groups of entangled molecules

to rotate and deform as units.

The ends of the molecules

sticking out of the rotating clusters v;ould become enmeshed
in other rotating clusters.

chains

v;ere reeled,

Thus, as the

tv;o

ends of the

into separate clusters, the middle of the

chains would become taut and form extended chain crystals.

Except for the viscosity of the flowing medium, this appears
to be analogous to the elongational flow miechanisms in

Penning

'3

stirrer crystallized systems.

Kobayashi and Nagasawa^^ studied the
crystallization of
high and low molecular weight
polyethylenes
under shear in

a concentric cylinder viscometer.

As the shear rate was in-

creased, the induction period for
crystallization (as evidenced by an increasing shear stress) decreased.
The effect
was more pronounced in the high molecular
weight material.
If the inner bob was removed during the early
stages of the

shear crystallization, Pennings type structures
were ob-

served.

The morphology of the material at later stages of

the crystallization was lamellar.

The lamellae were

oriented perpendicular to the flow direction.

X-ray

analysis showed a lack of crystallite orientation at low
shear rates.

As the shear rate was increased, the orien-

tation went to a-axis and then c-axis.
Keller and Hill 55 conducted X-ray studies on lightly

crosslinked polyethylene as it crystallized under stress.
They observed patterns indicative of two types of morphologies developing.

The first to develop was that of a

c-axis orientation which they felt corresponded to the

fibrous nuclei previously observed.

The second pattern,

indicative of chain-folded lamellae oriented perpendicular
to the stress direction, would then form and superimpose
on the first.

Melting experiments showed the second pat-

tern to disappear first.

This evidence was taken to indi-

cate that the thread-like nuclei previously reported were

inherent to the polymer and not due to heterogenieties.

Haas and Maxwell^^ constructed a
parallel plate shearing
device that attached to the stage of
a polarizing microscope
and allowed them to crystallize thin
films of polyethylene
and polybutene-1 at a constant shear
stress while following
the rate of strain. Photographs were
taken of the developing
morphologies.
Kawai, Kamoto, Ehara, Matsumoto and Maeda^"^
studied the

shear crystallization of PET in a cone and
plate shearing
device.

The polymer was crystallized at a constant
tempera-

ture at a series of shear rates and the induction
times for

crystallization (as indicated by increasing shear stress)
were recorded.

It was found that the induction time for

crystallization decreased
ical point was reached.

v;ith

shear until a certain crit-

At this shear rate the induction

period began to increase, reached a maximum and then decreased again.

DTA analysis of crystalline material showed

the development of two melting peaks as the shear rate in-

creased.

One of the peaks was at a temperature lower than

that observed for unsheared material and the other higher.
As the shear rate was increased, the lower temperature peak

increased.

Based on these results and those of X-ray,

etching, and electron microscopy, Kawai, et a l. concluded

that the morphology was changing from chain-folded lamellae
to bundle-like structures.

,

CHAPTER II

INSTRUMENTATION
The first stage of research was to construct
a device
capable of subjecting a crystallizing polymer melt
to a constant rate of shear in an environment large enough
to allow
for a three-dimensional development of morphology.

The fol-

lowing functional criteria were also required of the device:
1.

would allow continuous observation by optical
methods of polymer melt crystallizing under
shear

2.

small enough to fit on stage of light
microscope,

3.

controlled and definable shear field,

4,

small variation of shear field over region
of observation,

5.

able to have shear rate changed easily,

6,

able to change from melt temperature to
crystallization temperature rapidly,

7,

good temperature control,

8,

able to handle thick samples.

The present instrument was preceded by two others; a
linear shearing device rejected because of its short travel
and a rotary shearing device rejected because of its lack of

temperature and spacing control.

The present device (used

for all subsequently reported studies) has overcome the diffi-

culties of its predecessors and met the aforementioned

functional criteria,
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The present shear-crystallization
instrument (see
Figures 1 - 3 is a device that, in
conjunction with the
optical system of a polarizing microscope,
allows one to
observe the crystallization of polymeric
material under
controlled conditions of temperature and shear
rate. This
is accomplished by means of parallel
rotary glass shearing
plates, coupled with a constant speed m.otor
for controlling
shear rate, electrical heaters for controlling
melt tem)

perature, and a liquid heat transfer system for
controlling

crystallization temperature.
The device proper consists of a hollow brass

block 3" X 4" X 1/2" that has been gold plated to eliminate corrosion.

Set in the top surface of the block is

a circular well 1-7/8" in diameter by 1/4" deep in v;hich

the shearing is carried out.

Passing through the bottom

of the well is a 1/4" diameter viewing port that is cen-

tered with respect to the lateral dimensions of the brass
block.

In addition, the well contains a bcEiring, the

center of which is 9/16" from the center of the viewing

port and centered with respect to the well diameter.

This

self-lubricating bearing (PIC Design Corp. catalogue number Bll-5) is flanged and serves the dual purpose of holding
the 3/16" diameter drive shaft for the top glass shearing

plate, as well as acting as a bearing surface for the con-

nector between the drive shaft and the top shearing plate.

The flange is 0.370
^ .005" in diameter and 0.047
in height.

.002"

Affixed to the bottom of the shearing
well is a 1.22mm
thick annular glass plate constructed of
Corning
No. 2947

microscope slide glass.

The thickness of the glass plate

closely matches the height of the bearing flange.

The an-

nular glass plate serves as the bottom shearing
surface.
It is affixed to the well by filling the small
spaces be-

tween the shearing well walls and its edges with silicone

rubber sealant.

Sealant is also introduced between the

inner edge of the glass annulus and the edge of the bearing
flange.
A 3/64" diameter hole passes from the outer edge of

the brass block to the interior of the shearing well.

It

enters the well just above the height of the bottom glass

plate and allows insertion of a thermocouple into the

polymer melt between the glass plates.

The thermocouple

protrudes a small distance into the space between the
shearing plates and is secured with silicone sealant to
the interior of the hole through which it passes.

Three 57-1/2 watt Ungar soldering iron heaters are
silver-soldered to the surfaces of the brass block.
provide the heat to maintain the

pol^_^mer

These

between the glass

shea.ring plates at the desired melt temperature.

Two of

the heaters are affixed to the long sides of the brass block

The third is affixed to the top surface.

The brass block actually consists of two
pieces.

The

top portion contains the shearing well,
heaters, liquid

inlets and thermocouple well.

The underside of this top

portion is milled out so that cooling liquid may be
circulated around and under the shearing well when the
flat

bottom portion is in place.

The flat bottom portion also

provides a sealing surface for the viewing port and drive
shaft passages so that cooling liquid does not leak through
them^

Cooling liquid is circulated through the interior of
the brass block by means of two 1/4" ports on the short

edge of the brass block opposite that to which the heaters
are affixed.

The bottom plate of the brass block holds the power

transmission and speed reduction gears that drive the top
glass shearing plate.

The top glass shearing plate is af-

fixed to a 3/16" diameter stainless steel shaft by means of
a

doubly-threaded nut.

The shaft passes through the bearing

in the center of the shearing well and is connected to a 48

pitch, 4 thread, 30 tooth worm wheel with a 0.625

-

.001"

pitch diameter (PIC Design Corp. catalogue number Qll-19).
A bearing of the same type used in the shearing well is af-

fixed to the bottom plate of the brass block and sealed un-

flanged end to unflanged end with that in the shearing well.
The flange of this bearing acts as a bearing surface for the

hub of the worm wheel.

.
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The worm wheel is driven by a 48
pitch, 4 thread worm
(PIC Design Corp. catalogue number
Q12>2). This combinati^.on

provides a 7.5:1 speed reduction.

The worm is held to the

bottom brass plate by means of a bracket
which also serves
to hold the drive shaft bearings. A 3/16"

diameter stain-

less steel shaft connects the worm to one
end of a flexible

coupling (PIC Design Corp. catalogue number T12-2).

The other

end of the flexible coupling is connected to another
3/16"

stainless steel shaft that in turn is held by a
precision
chuck on the constant speed motor.

The constant speed motor is a Master-Servodyne unit with

displays of speed and torque output.
As previously stated, cooling liquid is circulated

through the hollow brass block to bring the polymer melt to
the desired crystallization temperature.

Temperature con-

trol and pumping of the cooling liquid is provided by a

Haake constant temperature bath connected to the brass
block by means of Swagelock flexible stainless steel hoses.

Appropriate valving is inserted between the flexible hoses
and the brass block.

The aforementioned Ungar heaters are connected to a
Versatherm. proportional temperature controller.

The melt

temperature is displayed by a Digitec digital thermocouple
thermometer connected to the thermocouple in the shearing
we 1 1
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The shearing device, consisting of the
brass block,
heaters, gears and constant speed motor, is
mounted on a

rigid stage of aluminum that replaces the usual
stage on a
Zeiss Standard RA polarizing microscope. The stage
is

counterweighted to compensate for the weight of the constant speed motor.

The shear rate at the viewing port in the shearing
well is controlled by changing the speed of the constant

speed motor or the spacing between the glass shearing
plates.

Variation of the plate spacing is affected through

the doubly-threaded nut that secures the top shearing plate
to the drive shaft.

The flanged end of the doubly-threaded

nut that rests on the flange of the shearing well bearing
also supports the top glass shearing plate and, hence, acts
as a spacer between the top and bottom glass shearing

plates.

Spacings up to the depth of the shearing well

could be used if so desired.

It has been found convenient

in the work to be reported to use a spacing of 0.049"

+

,001".

The top glass shearing plate is secured to the doubly-threaded

nut by a nut that is screwed onto the outer threads of the

doubly-threaded nut, thus holding the top glass shearing
plate between itself and the bottom flange of the doubly-

threaded nut.
The described instrument design provides the following

operating characteristics:
1.

Shear rates at viewing port radius:

0

to 735 sec

_1

C

2.

Temperature control range:

3.

Temperature control at bath:

4.

Plate separation:

5.

Speed control:

+_

up to
+

up to 0.25"

3 50°

C

0.010°

0.001"

+

3%

The fact that the instrument is a parallel-plate

shearing device dictates that the shear field be
radially

inhomogeneous.

However, one is observing a small annulus

of the shear field

(

~1500^ diameter at the lowest magni-

fication used) across which there is relatively small
variation.

It is additionally observed that identifiable

particles in the field exhibit little or no radial migration v;ithin the field of view.

Hence, the observed

shear field is essentially homogeneous.

relationship of
where

y

y

=

A simple Newtonian

v/x is taken as a first approximation,

is the shear rate, v is the plate velocity and x is

the plate separation.

Temperature homogeneity

the depth of the

tl-irough

sample has been demonstrated by the fact that crystalline

entities form randomly throughout the entire depth of the
sample.

Temperature homogeneity across the system has been
demonstrated by cooling the melt under quiescent conditions
and then rotating the upper plate.
is found across the field.

No temperature variation

Shear heating calculation fol-

lov/ing the methods of Turian and Bird
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'

indicate maximum

Shear heatings less than 0.01°C for
the maximum gap available
at the viewing port radius.

During operation, the shearing device is
covered with
appropriate insulation.
Several measurement techniques may be used
when the
instrument is mounted on the stage of a polarizing
microscope. These techniques include still photographs
using
a Zeiss focal plane 35mm camera in conjunction
with
a

Zeiss Ukatron-50 high speed flash, motion pictures
through
the use of a Bolex H-16 electric drive camera, and light

depolarization and transmission intensity measurements
through the use of a simple photoresistor circuit.

The

device may also be mounted on a light-scattering device
such as that described by Stein and Erhardt.^^

CHAPTER III

EXPERIMENTAL
Material
The material chosen for the studies was a sample of

polyethylene glycol iaarketed under the trade name,
Carbowax 20-M, by Union Carbide Corporation and kindly
supplied by Dr. F. E. Bailey.

This material was chosen

for study for several reasons:
1.

convenient melting and crystallization range,

2.

forms large aggregates of crystallites,

3.

relatively low nucleation density,

4.

water soluble for easy maintenance of
apparatus,

5.

previous experience with mater,ial by
research group,

6.

known to produce highly oriented crystals,

7.

in range of molecular weights that exhibit

orientational effects,
8.

range of molecular weights available.

All reported work (except where indicated) was carried
out on batch 694 of this material as indicated by Union

Carbide Corporation.

Analysis of the material, as supplied

by R. R. Kiser of Union Carbide Corporation, indicates an
ash level of 0.96 per cent by weight.
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Analysis of the material carried out in
the University
of Massachusetts Microanalytical Laboratory
indicates an
ash content of 0.90 per cent. Elemental
analysis
of the

residue shows that it is composed entirely of an
oxide of
potassium. This would indicate that the heterogeneities
present in the material consist of catalyst residue as
KOH
is used in the production of the material.
TGA analysis

of

of the material showed no volatile material up to
900°

other than the products of polymer decomposition.

Molecular weight characterization of the sample was
carried out by DeBell and Richardson, Inc., of Enfield,
Connecticut, on a Waters Associates gel permeation chromatograph.

The sample was run in m-cresol at 100° C.

Perti-

nent operating conditions are indicated in Figure 4a.

The

presence of a high molecular weight tail of the distribution
was confirmed by first dissolving the sample in benzene to

form a highly concentrated solution.

This was then diluted

with THF to an appropriately

lov;

through one 10 5 GPC column.

Values calculated from the

concentration and run

chromatogram as supplied by DeBell and Richardson, Inc.,
are shown below.

A

3

w

2,900

A

n

2, 2 20

A /A

w

14,8

n

M

M
V7

395,000

n

25,600

A sample consisting of the Carbowax 20-M plus 4.7 per
cent W3R-205 (a higher molecular weight polyethylene oxide

sold by Union Carbide Corporation)
was used for a limited
number of experiments. The WSR-205 is
a higher molecular
weight material as indicated by the table
below.

\r
^

K*
n

A /A
w'

42,100

3,200

13.19

n

Fi

M

w

506,000

**

n

38,300

This analysis was also provided by DeBell and
Richardson, Inc
and was run under conditions similar to those
used for the

Carbowax 20-M.

The chromatogram is shown in Figure 4b.

Rheological data for the materials was gathered using
the Weissenberg Rheogoniometer .

Data relating shear stress

and normal stress as functions of shear rate are given
in

Figures

5

i:hrough 6 for a number of temperatures.

Data col-

lected below the thermodynamic melting point^"^ of 66° C were

collected by opening the sample chamber and allowing the melt
to cool to the desired temperature.

At the temperatures

studied, the induction period for crystallization was long

enough to allow for data collection on the uncrystallized
melt.

Intermediate data points were determined by use of a

Lagrangian interpolating polynomial.

Behavior was Newtonian

as indicated by the data.

DSC melting point analysis of the Carbowax 20-M is shown
in Figure 7.

The analysis was carried out on a Perkin-Elmer

*

Angstrom values based on polystyrene standards and toluen

**

Molecular vjeight based on an assumed equivalence of
I'^V/ACq)

of 12.

Model DSC-IB Differential Scanning
Calorimeter.

heating rate was 2.5° C per minute.
felt to be due to premelting.

The

The double peak is

It is not resolved when

samples are run at higher heating rates.

Taking the de-

pression of the main peak as the melting point
yields
64.5 i 0.5°C.

Further analysis comparing samples crys-

tallized under sheax and guiescent conditions
will be

discussed in a subsequent section.
Operation of Shearing Device

Utilization of the previously described shearing
device is identical for all methods of data collection.
The device is securely mounted on whatever piece of equip-

ment is being used for data collection, such as the stage
of a light microscope or the stage of a light scattering

device.

The top shearing plate is removed, solid polymer

introduced into the shearing
on.

v/ell,

and the heaters turned

Insulation is placed over the shearing well and the

polymer allowed to melt.

The polymer is held in the melt

state for a period of time sufficient to allow air bubbles
to be released from the melt.

Concurrently with this

operation, the constant temperature bath is turned on and

liquid allowed to circulate through the tubing up to, but

not into, the sheaxing device.

When the polymer melt is free of air bubbles, the top
shearing plate is placed over the doubly-threaded nut and

brought in contact with the polymer melt.

The plate

retaining nut is then screwed over the
doubly-threaded
nut to secure the top shearing plate to the drive
shaft.
If air is trapped between the top glass plate
and the melt,
it may be forced to the edges and released when
the re-

taining nut is tightened.

If air is still trapped, it is

necessary to remove the top shearing plate and start the
procedure over again.

Care must be taken not to tighten

the retaining nut so far as to crack the top shearing plate.

This process need be repeated between each crystallization

run only if air bubbles are introduced during the previous

crystallization run or the shearing plate cracks due to the
stress generated in shearing the semi-molten polymer sample.

Each crystallization run begins by heating the material
in the shearing well to a temperature for a period of time

sufficient to remove any predetermined nuclei.

For the

Carbowax 20-M this was 100° C for fifteen minutes.
After this time, if the sample is to be subjected to shear,
the constant speed motor is set to the desired speed and

shearing begun.

Table

1

lists the calibrated rpm values

set on the constant speed motor and the resulting shear

rates at the viewing port radius.
The melt heaters are then turned off and the cooling
liquid introduced into the shearing device.

Introduction of

the cooling liquid is taken as a nominal time zero.

Typical

TABLE

1

SHEAR RATE AS A FUNCTION OF SET MOTOR
SPEED, 0.049 INCH PLATE SPACING
et RPM

Shear Rate,

0

0

50

8

75

12

140
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temperature versus time curves are shown
in Figure 8.
Data
collection begins at an appropriate time
during the crystallization process and is carried out
until a point is
reached at which the shearing plates may
crack due to the
stress or crystallization is complete.

Light Intensity Measurements

Depolarized light.

Depolarized light intensity

measurements may be taken during the crystallization
process.

A simple photoresistor circuit is used in conjunction

with a Tektronix 5103N oscilloscope.

The photoresistor re-

places the camera on a Zeiss photomicrographic beam splitter.
This allows for simultaneous visual observation and in-

tensity measurement of the crystallizing system.

tallization is carried out between crossed polar s.

The crysThe

polars were oriented at 45° to what would be the flow di-

rection during a shear experiment.

However, other orien-

tations of the crossed polars produced no detectable changes
in the results.

The change in depolarized light intensity

is then recorded as a voltage change on the oscilloscope

screen.

The scan rate and sensitivity of the oscilloscope

are adjusted to allow the entire crystallization process to

be recorded on one piece of photographic film.

Parallel polar transm.issio n.

The procedure for parallel

polar light Intensj.ty measurements is identical to that for

depolarized light intensity measurements
except that the
polars of the microscope are set parallel
rather than
perpendicular.

This technique lessens, but does not

eliminate, the effect of birefringence.

Photographic.

Another technique may be utilized for

recording either depolarized or transmitted light
intensity.
This consists of taking photomicrographs of the
crystallizing material at given time intervals and then

reading the densities or transmissions of each negative.
This technique was utilized to a very limited extent in
the early stages of research before the photoresistor cir-

cuit was employed.

Photographic Measurements

Photographic measurements are carried out with the
shearing device mounted on the stage of a Zeiss Standard
RA light microscope equipped with a polarizer and analyzer.
The light source is a Zeiss Ukatron-60 high speed flash.

The unit is used at a power setting of 30 watt seconds

which produces the intensity-time relation shown in
Figure 9.

Duration of the flash as measured at half in-

tensity is approximately

3

x 10

-4

seconds.

Movement of

the particles during this interval at the highest shear

rates employed is less than the resolution of the optical
system.

A Zeiss UD 6,3X long working distance objective

lens and 8X occular are used.

Photographs are taken with

a Zeiss 35mm focal plane camera mounted
on a Zeiss photo-

microscopic beam splitter.

The technique consists of

taking photographs at predetermined time intervals
during
the crystallization process. The camera may
be triggered
manually or by means of a simple microswitch circuit
at-

tached to the shearing device.

The photographs are then

analyzed for the desired data.
A previously mentioned technique is the recording of
the transmission or density of each negative in an attempt
to relate depolarized light intensity to the degree of

transformation of the polymer melt.

This approach was

abandoned when the photoresistor circuit was employed.
The greatest use of the photographic technique has

been the extraction of kinetic and morphological data from
a series of

the melt.

photographs taken during the crystallization of
Each photograph is enlarged to a full-frame

print on a piece of 8" x 10" photographic paper.
is then analyzed for the number,

The print

sizes and orientations of

the crystalline entities visible within the field.

Light Scattering
A light scattering device utilizing a He-Ne laser

described by Stein and Erhardt
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has been utilized to follow

the crystallization of the polymer melt in both the sheared

and quiescent cases.

Patterns of the

and

types are

recorded on photographic film at
predetermined time intervals as crystallization develops. The
photographs

are then

analyzed with a microdensitometer or utilized
for qualitative information.

Characterization of Crystallized Samples

Epi-microscopy .

The thickness of the already

crystallized materials preclude the use of transmitted
light microscopy.

It is for this reason that epi-

microscopy is utilized to study the surfaces of the
shear and quiescent crystallized samples after they are

removed from the shearing device.

This is carried out

on a Zeiss microscope equipped with an epi-illumination

system.

Samples are shadowed with platinum in a vacuum

evaporator to enhance detail.
Electron microscopy .

A Phillips EM-75 electron

microscope is utilized to study the morphology of shear
and quiescent crystallized materials after they have been

removed from the shearing device.

Studies are carried out

on the surfaces of the materials that have been in contact

with the shearing plates as well as surfaces produced by

fracture of the specimens at room temperature.
The surface to be studied is shadowed with platinum
at a 45°

angle and then coated with a carbon substrate

which is applied at an angle
normal to the surface. The
polymer is then dissolved away from
the carbon-platinum
replica in distilled water. The
replica is then deposited
on 200 mesh copper grids, allowed
to dry, and inserted into
the microscope for study.

Wide angle X-ray,

wide angle X-ray studies of the

differences between quiescently crystallized
and shear
crystallized samples are caxried out using
a Phillips
unit.

X-ray

Patterns are recorded on flat film.

Differential scanni ng calorimetrv .

Melting point

comparisons of specimens crystallized under
shearing and
quiescent conditions are carried out on a Perkin-Elmer
DSC-IB.

Samples are run at 2.5° per minute heating
rate.

CHAPTER IV

RESULTS

Kinetic

Depolarized light intensity.

Several investigators

have attempted to use light intensity
measurements to follow
the melting and crystallization behavior
of polymers.
Hawkins and Richards^^ qualitatively
described the effect
of the melting and crystallization on
light transmission
through a polyethylene sample. Keane and
Stein^^ utilized
the turbidity of polyethylene samples to
follow their

melting and crystallization behavior.
Bosch

Mayhan, James and

followed the crystallization of PET by utilizing

the light transmission at 4000a as measured by a spectro-

photometer.
utilized.

Per cent transmission of white light was also

These investigations did not provide data

suitable for kinetic analysis,

Magill
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V0

has followed the overall crystallization

kinetics in thin films of polypropylene and other polymers
by the use of depolarized light intensity.

This technique

consists of crystallizing a polymer bet'ween crossed polars
on a microscope hot stage and following the change in light

intensity with time.

An Avrami type analysis is then applied

to the results.
41

.
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MagiU

has assumed that one may use
depolarized light
intensity rather than volumetric
values in the description
Of the transformation kinetics.
Hence, recalling equation I-l,

^0
Vq

-

^.

=

-

IV-1

^c

loo -

-

where

^t

is the intensity at any time
during the crystalli-

zation process,

is the intensity in the absence
of sample

and l„ is the intensity at the end of the
experiment,
the polars provide true extinction,

if

will be equal to zero

and one may write,
=

°^

^t

IV-2

•

loo

The usual technique for extracting the values of
n and
K from the Avrami equation, IV-2, is to plot
values
of

In In

1

(

1

- a

)

against In t.

This produces a straight line

'

the slope of which is equal to n, while the intercept is

equal to K.

Magill has applied these techniques to de-

polarized light intensity data from thin, crystallizing
films of polymers and produced reasonable results.
An attempt was made to apply these techniques to thick

samples of PEO crystallizing in the shearing device.

The

experimental technique has been previously discussed in
Chapter III.

These experiments utilized a simple photo-

resistor in place of the camera on a Zeiss photomicrographic
setup as well as an oscilloscope for display of light intensity
as reflected by the changing voltage across the photoresistor
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Experiments were carried out only
under quiescent
conditions over a range of super
coolings . a plate spacing
and, hence, sample thickness
of .024" was employed.
Arbitrary units of intensity are
plotted as a function
of time

for a range of temperatures in
Figure 10. As can be seen,
the intensity is not a monotonically
increasing function at
all supercoolings as required by
Magill's use of the Avrami
equation. In other words, the intensity
at the end of the

experiment is less than that at some time
during the experiment.
This yields a values greater than unity,
which is

physically impossible in terms of Magill's
treatment.
docs not occur at lower supercoolings in this

This

system, but

the fact that it does occur at higher
supercoolings makes

the technique of doubtful value, as far as
extracting

kinetic information is concerned.
served similar behavior in PET.

'

Antwerpen"^^ has ob-

If thicker samples are

used, the non-monotonic nature of the data becomes
evident
at the lower supercoolings.

The reason for this behavior is that it has been

assumed that depolarization is the only effect contributing
to the light intensity.

It is apparent that light-scattering

is playing a significant role in determining the light in-

tensity.

Binsbergen 7 2 has provided a treatment of the con-

ditions necessary for light intensity measurements to provide

useful kinetic data.

Binsbergen concludes that one must work

under conditions such that the retardation
produced by a
sample is much less than first order.
Hence, one must work
with thin films if the observed light intensity
is to be
largely due to depolarization of the light.
These conditions cannot be met in the previously described
shearing
device with PEO as the sample.

While depolarized light intensity measurements did
not provide useful kinetic data for the system under
consideration, they did prove useful for qualitative com-

parisons of overall rates of crystallization in early
studies.

A previously mentioned technique of measurement

was the rather indirect method of photographing the crys-

tallizing field of polymer and measuring the resultant
transmissions of the negatives.

It was assumed (but not

tested) that the resultant exposures were in the linear

portion of the photographic material's sensitometric curve.
A limited series of early experiments were carried out on
an uncharacterized sample of Carbowax 20-M, other than

batch 894 which has been used for all other studies.
Comparisons were made between crystallization behavior
at shear rates of 0 and 14 sec

_^

at three temperatures.

Photographs were taken as previously described and the
transmission of each frame, as expressed in footcandles,
was measured using a photographic light meter and enlarger.

The negatives were projected on the photocell of the light

45

meter and then thrown out of focus.

The resultant light

intensities were recorded and are shown
in Figure 11.
At
the temperatures of 50.7 and 52. 7^
C, it appears that
shearing the specimen causes crystallization
to begin
earlier than under quiescent conditions, it
is interesting
to note, however,

that at 53.8° C the shear retarded the

beginning of crystallization.

This effect was indeed re-

producible in the sample and appeared to occur only
in a
very narrow range of temperature. Kawai, Kamoto, Ehara,

Matsumoto and Maeda^'^ have observed a similar behavior
in
samples of PET crystallized under shear in a cone and

plate device.

Their results are shown in Figure 12.

Here

the crystallization is carried out at a constant temperature,

but the rotational speed of the cone is varied.

The in-

duction period for crystallization to begin, as indicated

by an increase in shear stress, is plotted against the rotational speed of the cone.

As can be seen from their data,

the induction period for crystallization does not decrease

monotonically with increasing shear.

A condition that pro-

duced similar behavior was not found in batch 894 of the

Carbowax 20-M.

Batch 894 is approximately three times more

viscous than the uncharacterized sample.
It appecjTS, therefore, that for the apparatus and system

under study, depolarized light intensity measurements are

useful in terms of qualitative comparisons of relative rates
but not for extracting kinetic data.

•
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Parallel polar light intensity ,

it was noticed during

the depolarized light intensity experiments
that, if the
polars were set parallel, the intensity of
light decreased

monotonically with increasing transformation to
crystalline
material. An attempt was made to use transmitted
light in-

tensity to extract kinetic data.

Again, experiments were

carried out with quiescent samples only.

In a manner

similar to that of Magill, the following relation was
cast:
=

0^

-

\

-

^

-

- V«

Tr^

-

Tr^

TrQ

-

Tr^

.

Tr^ is the transmitted light intensity at any time dioring
the experiment while Tr^ and Tr« are, respectively, the

parallel polar light intensities at the beginning and end
of crystallization.

The experiments were carried out for

plate separations of 0.024, 0.049 and 0.077 inches.

The

same experimental arrangement that was used for the de-

polarized light intensities was utilized, except that the
polars were set parallel.

Plots of

1

-[ (Tr

- Troo)/(Tr„

- Tr„

as a function of In t at different supercoolings for the

vaxious plate separations are shown in Figures 13 through 15
Analysis of this data indicates no dependence on sample
thickness for the range of spacings used.
shaped

,

The sigmoidal

monotonically increasing curv es are evident

•

Un-

fortunately, the data yields Avrami n values ranging over an
order of magnitude.

This

,

again

,

is not useful for ex-

traction of kinetic data in the system being considered.
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Since the depolarized light intensity
decreases after
a certain point due to scattering
and the transmitted light
increases monotonically, the possibility
arises that
the

two effects may be multiplicative in
nature.

Hence, a

could be expressed as,
a = I^Tr^
I

.

Tr~

This does indeed produce a sigmoidal shaped,
monotonically

increasing curve.

The curve, however, fluctuates somewhat

in the limit of unity.

Attempted applications of an Avrami

type analysis yielded n values ranging from 0.9 to 16.

Again,

the conclusion must be drawn that Avrami type analysis using

light transmission and/or depolarization measurements is not

amenable to this system.

Photographic method

.

This method provides the most

information but is the most tedious.

Photomicrographs are

taken of the polymer sample as it crystallizes.

Each photo-

graph must then be analyzed for the number, size and orientations of the particles as a function of time.

As was

previously mentioned, these photographs are full-frame enlargements on 8" X 10" photographic paper.

A calibrated

reticule in the occular lens of the microscope is superimposed on every photograph to provide size information.
One millimeter in the photograph equals 9.6
A typical photograph is shown in Figure 15.

\i

in the sample.

In order to extract kinetic
information, it must be
possible to calculate the fraction of
material transformed
from the amorphous melt to the crystalline
phase from the
photographs. This involves several assumptions.
The first
of these assumptions is that, if the
crystalline entity
can be seen, it is fully transformed to
crystalline ma-

terial.

This is clearly erroneous as calculations
based

on unit cell dimensions^ show that PEO is
only 40-60 per

cent crystalline in its fully transformed state.

A further

assumption is made that the dimensions measured for
each

entity are the full projections of the axes of a prolate
ellipsoid.

This, too, is wrong as the particles will not

always be in the proper orientation for the assumption to

be valid.

With these assumptions in mind, the dimensions of each

particle in the photograph are measured.

The area covered

by the photograph is known and the depth of focus has been

measured to be 75 Ou.
known.,

?Ience,

the volume being observed is

This, however, injects subjective judgment into the

measurements, as the investigator must decide which particles
are sufficiently out of focus to be considered out of the

sample volume.

Knowing the volume observed and what frac-

tion of the -volume is transformed (keeping the previous as-

sumptions in mind), one may extract data appropriate for use
in kinetic treatments such as the Avrami equation.

The experiments are carried out
several times with the
microscope focused at different depths
within the sample.

Crystallization experiments at shear rates
of 0,
and 22 sec~^ have been conducted
at temperatures
51.6 and 53.8° C.

8,

12

of 50.4,

The results for each combination
are

plotted in Figures 17 and 18 as In a
versus In

t.

Expression of the data as In a as a function
of In t
arises from a modification of the Avrami
equation. As was
previously stated, plots of In In
1
versus
(

)

^

-

In t will

CI

produce a straight line with slope n and intercept
K.
if
low fractions of transformed material are being
considered,
this relation may be conveniently approximated
by a Taylor's

expansion of the Avrami equation which yields.
In a = n In t

+

In K

This will produce approximately a five per cent deviation

from the full equation at an a value of 0.10.

Data collected

in this study does not exceed ten per cent transformed ma-

terial due to the difficulty of distinguishing individual

particles past this point.

Hence, use of the expansion is

valid and allows values of n and K to be extracted from plots
of In a versus In t.

Each point in Figures 17 and 18 is the mean of at least
three experiments at the given conditions of shear rate and

temperature.

The lines represent the least squares best fit

to the data.

Values of n and K are given in Table

2,
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TABLE

2

AVRAMI CONSTANTS AS FUNCTIONS OF
SHEAR RATE AND TEMPERATURE
Temp., °C

Y

,

Sec

n

In K

53.8

0

3.03

.39

-20.51

+

53.8

8

2.44 ± .16

-17.16

53.8

12

2.54 ± .60

22

3.12

+

K X 10^
.82

1.24

+

.39

35.28

-16.45

±

.95

71.76

.13

-17.84

±

.20

17.87
43.09

51.6

0

3.00 ± .34

-16.96

±

.54

51.6

8

2.92 ± .08

-15.10

±

.13

51.6

12

2.91 ± .09

-13.26

+

.15

1742.83

51.6

22

2.86 ± .05

-12.99

±

.10

2283.05

50.4

0

3.02

±

.26

-14.74

+

.39

396.73

50.4

8

3.26

±

.41

-13.33

+

.57

1625.00

50.4

12

3.01 ± .05

-10.75

±

.10

21445.41

50.4

22

3.03 ± .47

-10.71

±

.65

22320.61

O'lf,

7q

AS can be seen from the plots,
the induction period
for crystallization decreases at
each temperature as the
shear rate is increased. Table 2 shows
that there is little
if any, change of the Avrami n value
with increasing shear.
If any trend were to be inferred, it
would have to be a

slight decrease in the n values with increasing
shear.

In

light of the lack of success experienced by
other investigators in describing nucleation types and growth
geometries
from Avrami n values, it does not seem useful to
try and

extract meaningful information from this slight change.
The most prudent analysis would have to be that,
whatever
the growth and nucleation mechanisms, there does not
appear
to be any real change upon shearing.

This comment must, of

course, be limited to the material and conditions of these

experiments.

Fritzsche*^^ has found that at higher shear

rates, with the same material, the value of n increases

with increasing shear.
At a given shear rate, the stresses in a polymer melt
will be higher, the lower the temperature.

This is evident

from the rheological data presented in Figures 5a and

6.

Comparing the shifts of the crystallization curves in
Figures 17 and 18 at the different temperatures, one observes an apparent "saturation" of the effect of shear on
the polymer crystallization.

rates of 12 and 22 sec

That is, at 50.4°

produce nearly the

C,

samic

shear

shift in

the curve.

This effect has been better
illustrated by
Fritzsche using dilatometric techniques
at higher shear
rates. Fritzsche finds that past a
certain point,
in-

creasing the stress on a crystallizing
PEO melt produces
little or no change in the crystallization
kinetics.
If this is true, increasing the stress
in the melt at
a given shear rate should cause the
values for the sheared
cases to lie closer together. To test this,
a higher

molecular weight polyethylene glycol was mixed
with the
Carbowax 20-M. The higher molecular weight sample
was

WSR-205, which is sold by Union Carbide Corporation.

This

material has a weight average molecular weight on the
order of 5.06 x 10

.

A mixture of Carbowax 20-M and 4.7

weight per cent WSR-205 was made by mixing the two polymers
in a

5

per cent benzene solution.

The mixture was then

freeze-dried and the solvent removed.

As can be seen in

Figure 5b, this mixture produces a shear stress approxi-

mately 50 per cent higher than that for the pure Carbowax 20-M
at a given shear rate.

Figure 19 shows a comparison of crys-

tallization results at 51.5° C for the mixture and pure polymer
at the several shear rates.

It is evident that the sheared

experiments lie closer to each other in the mixture than in
the pure polymer.

Hence, it appears chat, past a certain

point, increased stress provides diminishing returns in this

system.

^3

Plots of the number of particles
as

a

function of

time were made and it was found that
a linear function
provided the best fit to the data. Values
for the slopes
of the least squares best fit of the
data and,

hence, the

nucleation rates are given in Table

3.

it appears that

increasing the shear rate increases the
apparent rate of
nucleation.
An interesting behavior exhibited by the
sheared

material is shown in Figures 20 through 23.

Here, the

number of particles is plotted as a function of
the fracti on
of crystalline material at shear rates of
0, 8 and 22
sec"^'

for a series of crystallization temperatures.

results at 53. 8° C in Figure 20 first.

Consider the

For the sheared

cases, the number of particles present at a given fraction
of crystalline material is less than that for the quiescent

case.

There are so few particles present, however, that a

more prudent statement may be that the number of particles
at a given fraction of crystalline material for the sheared

cases is less than, or equal to, the number for the quiescent
case.

Notice that the material crystallized at 22 sec~^

eventually crosses over the data for the quiescent case and
increases rapidly.

The datD at

5

0.4° C indicates that both shear rate

conditions cause the number of particles to be larger than
that in the quiescent case at a qiven fraction of crystalline
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TABLE

3

NUCLEATION RATE AS A FUNCTION OF
SHEAR RATE AND TEMPERATURE
^^^P'^ °^

^^•^

Sec-^

Particles Ser.-Vr.-^

0

630 ± 63

^^'^

8

848 i 53

53.8

12

957 i ^25

53.8

22

1230 ± 232

51.6

0

1510 ± 100

^^•^

8

2520 ± 140

^^•^

12

3060

±

380

51.6

22

4338

±

675

50.4

0

2400 ± 350

50.4

8

7600 ± 1200

50.4

12

9980 ± 1900

50.4

22

16386 ± 3900

'

material.

The crossover from fewer
to a greater nu.ber of
particles occurs at a lower fraction
of crystalline material.
Keeping in mind that the same
shear rate at a lower temperature will create a higher stress
on the polymer, the generalization can be made that the higher
the stress on the
system,

the greater -the number of particles
at a given fraction of
crystalline material.

This hypothesis was further tested
by incorporating the
mixture of Carbowax 20-M and 4.7 per
cent WSR-205. Since the
mixture produces a higher shear stress at
a given shear rate
than the pure Carbowax 20-M, the effect
at a given temperature should be enhanced. The results for
the mixture
at 51.6° C are shovm in Figure 23.

Comparison of these re-

sults with those at 51.6° C for the pure
polymer shows that
the effect is indeed enhanced.

A problem arises, however,

in that the WSR-205 appears to have a higher
nucleation

density than the Carbowax 20-M.

Hence, the nucleation den-

sity of the quiescent crystallization experiments for
the

mixture and pure polymer must be normalized.

This has been

attempted by plotting the ratio of the number of particles
under quiescent conditions to the number at a given shear

rate as a function of the fraction of crystalline material.
These resulcs are shown in Figures 24 through 26 for each of
the shear rates at 51.6° C.

The horizontal line represents

results under quiescent conditions.

.
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It is evident that, relative to
quiescent conditions,
the higher stress imposed by the WSR-205
mixture at a given
shear rate enhances the effects observed
in Figures
20

through 22.

This includes both the paucity of
particles

below a certain fraction of crystalline
material and the
greatly increased number above that fraction
of

crystalline

material
The initial morphology of crystallization in
the melt
is rod-like.

These rods later develop into spherical or

nearly spherical crystalline aggregates.

This will be more

fully discussed when the morphological features of the system are considered.

Measurements have been made of the

growth rates of these rod-like entities, under quiescent
conditions, at several temperatures for the pure Carbowax 20-M
and the WSR-205 mixture.

These results are shown in

Figures 27 and 28.
In these figures,

semi-minor axis, while
semi-major axis.

minor axes grow

refers to the growth rate of the
G^.

refers to the growth rate of the

It appears that the semi-major and semiat.

approximately the same rates, though the

semi-major axis begins earlier.

This is reasonable, as photo-

graphs of the crystallizing melt indicate that the aspect

ratio of each crystalline aggregate decreases as time passes
to yield an approximately spherical aggregate.

The growth

rates appear to be linear as shown by the least squares fit
drav/n throuql-i each set of data.

Morphology

Polarized light microscopy .

As already stated, the

crystallization of the polymers under both
shear and
quiescent conditions is photographed as
it occurs,

it

has also been mentioned that the
orientation of each
particle, with respect to the shear field,
is measured
on each photograph.
This is done by placing a template
which indicates the shear direction over
each photograph

and measuring the angle that the long axis
of each particle makes with respect to the shear
direction. These

angles are measured to the nearest five degrees.

The

fractional frequencies of occurrence of each angle
to the
shear direction (long axis perpendicular to the
shear di-

rection is considered 90°) for

0,

8 12

and 22 sec'"^ at

each temperature are plotted in Figures 29 through 32.
For quiescent conditions, the orientation of the rodlike entities is random throughout the melt.

As can be

seen, there is a preferred orientation of the rods 90°

the shear direction as the shear rate is increased.

to

Photo-

graphs of this type of behavior are shown in Figures 33
and 34.

Figure

32

shows the behavior for the WSR-205 mixture.

The higher stress imposed by the WSR-205 appears to further
enhance the orientation effect.

These effects do not ap-

pear to be dependent on the polar directions or the direction

Of travel of the focal-plane
shutter in the 35m. camera
used in the studies. Hence, the
behavior is real and not
an artifact of the system. Further
evidence for this behavior will be presented In the section
dealing with light

scattering.

No anisotropY of the rod-like entities
could be
determined by polarized light microscopy.

Also, no Mai-,

tese cross pattern indicative of sphorulitic
growth could
be seen in the crystalline entities. Hence,
the term

crystalline aggregates will be used.

A further observation is that the crystalline
aggregates appear to break up during shear.

Possibly,

this would be supported on the basis of the previous
plots
of the number of particles as a function of the
fraction of

transformed material.

This evidence alone, however, is

not sufficient to prove that particle breakup is a con-

trolling factor in kinetic behavior.

No further quanti-

tative evidence in this study is available to support the

concept of particle breakup contributing to the crystallization kinetics of these she£u:ed systems.
Small angle light scattering .

Small angle light

scattering patterns were photographed during the crystallization

vi-f

the PEO in the shearing instrument.

All

quiescent and shear experiments were carried out at 53.6°
All shear experiments were carried out at 12 sec

rate crystallization runs

vyere

conducted

v;ith

.

C.

Sepa-

the polarizer

set at

0,

4-.

and 90°

type scattering.

to the flow direction for both

Rcsultc are shown in Figure 35.

and

The

flow direction for the sheared cases is
along the short
dimension of the photographs and is considered

to be the

vertical direction.

Light scattering occurs because of density
fluctuations
and/or anisotropy of the polarizability of the
scattering
medium. Resolution of these contributions may be
obtained
through appropriate analysis of the
tering patterns.

and

type scat-

A qualitative statement may immediately

be made concerning the appearance of the
the quiescent case.

patterns for

The symmetric circular pattern is

typical of crystallizing polymer melts.

The graininess

indicates that there are a small number of scattering entities.

This is to be expected from the low nucleation

density observed in the material under consideration.

The

graininess does not appear in the sheared photographs because of the time averaging effect of the movement of the

scattering entities.

It may also be seen from the rapid

angular decrease in scattering intensity for all scattering
cases that the particles

cire

quibc large relative to the

wavelength of the light (0.632(i).

Examination of the

type patterns for the sheared

cases shows an eD.ongation parallel to the flow direction.

As has been shov;n by Stein and Rhodes 9 and Gieniewski and

Moore, 74 the elongation of the
scattering pattern will be
perpendicular to the long axis of the
scattering entity.
Hence, the scattering entities axe
rod-like and oriented

preferentially perpendicular to the flow
direction.
ther examination of the
scattering pattern

Fur-

with the

polars set parallel to the flow direction
indicates an
initial decrease in intensity with scattering
angle and
then a maxima. This is particularly
evident

at the time

of 335 seconds into the crystallization
experiment.

Mea-

surement of the angular position of the maxima
as shown
in Figure 36 provides an indication of the size
of the

scattering entity through use of the relation,
4jrr

sin (0)

A

=

4.0

2

where A is the wavelength of the light, 6 is the angular

position of the intensity maxima and r is the radius of
the scattering entity.

rived for

H^.

This equation was originally de-

scattering from spherulites.

However, calcu-

lation of r at 335 seconds yields a value of

3.4u.

which is

in accord with sizes measured using polarized light micros
copy.

At shorcer times, the angular position is larger

indicating a sm.aller scattering entity as would be ex-

pected in a crystallizing system.
The shape of the angularly dependent

intensity

distributions is reminiscent of those seen by Picot, Stein
Motegi and Kav;ai 75 in sheaf -like scattering entities.

Hence, the rod-like entities seen
in the polarizing

microscope actually may be sheaf -like
structures. Evidence that these are indeed lamellar
sheaf-like structures is provided by the
scattering patterns at 45°
to the flow direction and the

scattering patterns.

These also show the elongation parallel to
the flow direction but are much less intense than the
patterns.
This indicates that the principal polarizability
of rodlike entities is preferentially parallel to the
flow
direction.

Taking this in conjunction with the an-

gularly dependent intensity distribution of the V

V

patterns suggests chain-folded lamellax sheaf-like

scattering entities, the long axes of which are

oriented perpendicular to the flow direction.
The

type patterns reinforce those conclusions

drawn from the

type patterns.

The

pattern taken

with the polEirizer set 45° to the flow direction is the

most intense and again shows an elongation in the flow
direction.

The H

V

and V„ patterns are much less intense
n

(at least 50 times) than those for the H

V

(45^).

H

oatV ^

terns taken for the quiescent case show almost no scat-

tering intensity.

This again indicates rod-like

scattering entities with their principal polarizabilities
along the semi-minor axes.

These rods orient preferential

perpendicular to flow direction during shear and orient

randomly under quiescent conditions.

These results are in accord with
those made with the
polarizing light microscope and are
similar to those of
Baranov, Volkov, Farshyan and Frenkel'^^
on drawn melts
of crystallizing polypropylene.

Epi-microscopv.

Epi-microscopy was used to study the
surfaces of the sheared and unsheared
samples after they had
been completely crystallized and removed
from the shearing
device. All samples shown here were
crystallized
at 51.6° C.

Their features are typical of those found
in samples crystallized at other temperatures. As stated
previously, all
samples were shadowed with platinum to enhance
the

morphology.
Figure

3

7a is a photograph of the free-surface of a

sample crystallized under quiescent conditions at Sl.e^'C
in the shearing device.

The radially symmetric crystalline

entities are quite evident.

The irregulaxity of the surface

is quite evident from all the dark areas present.

These

areas appear dark because the incident normal-illumination
is reflected back toward the objective lens at angles

greater than the angle of acceptance of the lens.

photograph is at a magnification of
Figure

3

The

3 2X.

7b is a photograph of a surface crystallized

at Sl.G^C under quiescent conditions in contact with one
of the glass shearing plates.

Again, the radially sym-

metric crystalline arrays are evident though they have been

.

truncated by impingement.

The magnification of this

photograph is the same as the previous one.
Figures 38a and 38b are photographs at
64X of the
surface of melts crystallized at 3 2 sec"^
and 51.6° C.

Figure 38b shows one of the typical morphologies
observed
in sheared samples.
Again, the radially symmetric
crys-

talline arrays are evident; however, they are
smaller
than those formed in the quiescent case.

Also, there

is quite a bit of debris composed of even
smaller crys-

talline aggregates.

Figure 38a shows the other morphology typical of the
sheared material.

These appear to be row-like structures

with cross-striations lying perpendicular to the shear
direction.

The photogrtiph in Figure 39 was taken by

polarized light microscopy, of a melt crystallizing under
shear.

The region of focus is near the bottom glass plate.

Notice the row-like structures forming here.

This photo-

graph is of the same kind used in the determination of the

crystallization kinetics of the material.

In this investi-

gation these row-like structures have never been observed
to form within the melt, only near or on the surfaces of
tlie

glass shearing plates.

They have never been observed

to form under quiescent conditions.

It is believed they

form along fine scratches or heterogeneities on the glass
plates

No r.Ludics wore carried out on
fracture surfaces of
the samples, a:j Lhcy proved too irregular
to be useful.
Transmission electr on m.icroscopY . Figinv;:
AO

nnc]

/11

are carbon-platinum replicas of the
fracture ^^urfnres of
samples crystallized under quiesc nl. condiLions
aL 51.6°C.
These, as well as the other samples in this
study, wore

fractured

,il

room temperature.

The large lamellar struc-

typical of bulk crystallized PEO are evident,

ture:;

Figure 42 is a replica
maLurial crystalli^.ed

at.

o(

ll,c

fracture surface of

'^].G°C and 32 sec""^ shear rate.

The lack of long range order present in the samples
crys-

tallized under quiescent condiLions is evident.
Figure 43 is a replica of the surface of a sheared
saii-ipln

111,

was in contact with the bottom glass plate

it

during the crystallization experiment.
at 32 sec
in

Ihe

fUiol

at 51.6° C.

'

f

xir.iph

.

'I'he

It was sheared

shear direction

uns vertically

Thn magnification is ;^000X.

clusters in the photograph

-ircj

structures came from areas thai

The black

carbon pMriiclos introduced

to indicLiLc shadowing direction and sizus,
sliow

row-like

Tlic-

similar structures

on a larger scale Jn the epi-photuyr aph;;

,

further enlargement (2fj,000X) of the area

Figure 43,

r

l''igujT'

oul.l

J

n^d

AA.

1:.;

a

.in

Here the shear direction runs diagonally from

upper-left to lower -right.

Th(2

lamellar structure perpen-

dicular to the shear direction is quite evident.

'I'heSG

structures are reminiscent of
those seen by Andrews^^
in
stress-crystallized samples of natural
rubber.

Wide^le

X-ray dif f ra_ction ,

Photographs of wide

angle X-ray diffraction patterns
are shown in Figure 45.
The circular samples (due to
the shape of the shearing
well) were oriented with their
tangential direction
parallel to the vertical direction
in the photograph.
The beam interacted with an area
whose distance from the
center of the circular sample was
approximately half the
radius. Figure 45a is of a sample
crystallized at 51.6°C
under quiescent conditions. The patterns
are radially
syrametric.

"

The mottled appearance of the rings is

similar to that seen in powder photographs
when the

powder has not been ground finely enough.
Figure

4 5b is of

a sample

a shear rate of 32 sec"^.

crystallized at 51, 6° C and

A slight equitorial line-

broadening is visible on the inner diffraction ring.

This

is typical of slightly oriented crystalline
polymeric
marerial. 77 The direction of orientation would be tan-

gential to the sample annulus.

The mottled appearance of

the diffraction rings has also disappeared.

This would

seem to indicate a finer morphology than is present in
the unsheared sam.ple.

Different ial scan ning calorimetry>

DSC melting peaks

for material crystallized at 51.6" C at shear rates of

0

and

32

sec"^ are shown in Figure

7.

These scans were

taken at a heating rate of 2.5° C per
minute,

it is felt

that the double peak is due to premelting
of the samples.
The important point here, however, is a
comparison between
the sheared and unsheared sample and both
display this
behavior. Taking the depression between the
double peaks
as the melting point yields 64.5 ± .05°C.
Comparing the
sample weight normalized areas under the curves
yields a

ratio of the sheared sample to the unsheared of
1.05.
This is not considered to be a significant difference.

CHAPTER V

DISCUSSION
Particle Orientation
The alignment of the crystallizing rod-like
entities,
with respect to the shear field produced
in the apparatus,
may be analyzed through the treatments of
Jeffery"^^
and

Goldsmith and Mason. 79

The co-ordinate system and flow

field to be considered are shown in Figure 45.
of the particle motions is made along the

Observation

axis in the

shearing apparatus used for this research.

It has been

previously shown that the rod-like entities are in the
form of prolate ellipsoids.

Let b^ and b^ be the semi-

major and semi-minor axes, respectively, of these prolate
ellipsoids.

Jeffery has shown that the angular rotations

for the axis of revolution and the b^ axis may be given by,
'

%

=

a

=

(a

Y.

2

cos

2

+

(p^

sin

2
(p^

V-1

)

2
-I-

Y(a"

4(a

1

- 1)

(sin2(p

+1)

^

^

sin2 0

,

v-2

)

^

where a is the aspect ratio b^/b^, and

y

is the shear rate.

Likewise, the spin about the axis of symmetry (the b^ axis)
is given by,

w = 1/2(ycos e^)

.

V-3

The motion of the axis of revolution
of the prolate
ellipsoid is described by,
tancp^

a tan

=

^__xt_'j

=

a tan |2£itj

V-4

which is had by integration of equation
V-1.

Here, t is an

arbitrary time during the observation of
the particle motion
and P is tnc period of rotation, which
is given by,
P = 2^ (a + 1/a)

Therefore,

will have maxima at

(p^

minima at

(p^

.

(p^

values of

0

and

;r

and

values of n/2 and 3n/2,

The motion of the ends of the prolate ellipsoids may
be had from equations V-1 and V-2 and is given by,
tan e

ca_
(a* cos

+

<p

V-6
sin

(J)^)-^/^

where C is a constant of integration defined as the orbit
constant.

This motion corresponds to the ends of spheroids

generating a pair of symmetrical ellipses.

The eccentricity

of these ellipses is given by C, while the principal axes

are given by tan
of

Cp^,

<p^

=

0,

A-

at the maximum and minimum values

(Ca)

and

(p^

=

:t/2,

3tc/2.

The value of C may vary from zero to infinity.
C = 0,

will be equal to zero at all values of

<P^,

When
This

corresponds to a continuous spin of the axis of revolution
about

at a rate of w

C is equal to infinity,

=

9^

y/2 as given by equation V-3.

If

will equal n/2 at all values of
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will be variable and there
will be no axial spin. It
has been shown by several investigators^O-SS
that the motions
predicted by these equations are
observed experimentally.
<P^,

4-^

Jeffery has shown theoretically
that the motion of the
prolate ellipsoids will be such that
energy dissipation is
at a minimum. This corresponds
to C = 0.
It has been experimentally observed
that at low Reynolds numbers in
Newtonian
fluids where there are no particle
interactions or sedimentation, motion of the rod-like particles
will indeed correspond
to C = 0 and not change with time.
The same behavior
is ob-

served in viscoelastic materials.

Hence, the prolate ellip-

soids will align their major axes along the

direction and

spin about their axes of revolution at a
rate of w

=

y/2.

The motion of the prolate ellipsoids, as viewed
alona
the

axis (direction of observation for this research)
can

be described as a rocking motion, the limits of which
are the

projections, on the X^X^ plane, of the major axes of the sym-

metric ellipses generated by the ends' of the prolate ellipsoids.
As previously shown, these are given by tan"-^(Ca).
for the case being considered,

(p^?

particle rocks, will also be zero.

Since C

=

0

the angle through which the

Hence, the motion of the

rod-like particles will correspond to

a

translation along the

flow direction with the long axes of the rods aligned parallel
to the X^ axis, i.e., perpendicular to the flow direction.

particles will also spin about their long axes at a rate w

The
=

y/2

.
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Observations in the system being considered
correspond to
this description. The ellipsoids
can be seen to

spin about

their long axes, though it has not been
possible to measure
this rate.
It should also be pointed out that in
non-Newtonian

fluids 87 88 and in Newtonian fluids at high
Reynolds numV
bers, 89,90 ^,
the value of C will change with time and
assume
'

those values which correspond to maximum energy
dissipation.
In this research, the rod-like nature of the
developing

crystallites is not unique to the shear crystallized material.
Indeed, Bernauer 91 postulated in 1929 that spherulites
began
as lamellar rod-like entities, the ends of which
splayed to

give sheaf -like structures which, in turn, grew into spherulites.

This growth process has been observed and described

by Morse and Donnay 9 2 for inorganic materials and by Adams
and

Stem 93

for polymeric materials.

This mechanism seems

to be that generally observed for the early stages of

spherulite growth regardless of the material.

If the nu-

cleation density is sufficiently high, such as in cellulose,
the morpho].ogy never develops past that of the rod-like

structure

Let it be assumed that the initial rod-like or sheaf -like
structures
are,

c"xe

composed of stacked la.nellae or dendrites which

in turn, made up of folded polymer chains.

The chains

will therefore be preferentially aligned perpendicular to the

long axis of the rod.

if,

m

turn, the rods were in a
shear

field such as that previously
described, the chains would
lie in a series of planes
parallel to the X^X^ plane and
perpendicular to the
axis. Assuming the material
being
crystallized possessed a high nucleation
density, it would
be possible for the morphology never
to develop past the rodlike stage. The rods would orient
perpendicularly to the

flow direction, impinge and lock the
orientation into the
completely crystallized mass. This would
produce a final
morphology, except for the nucleation lines,
that would be
difficult to discern from the twisted lamellar
structure pro-

posed by Hill and Keller^^ for material
crystallized under
low stress.
As shown by polarizing microscopy and light
scattering
studies, the initial morphology of the crystallizing PEO
is

rod-like, or perhaps more accurately, sheaf-like.

The fact

that the principal polarizability of the sheaf-like entities
lies perpendicular to the long axis of the rods and, hence,

parallel to the flow direction, would indicate a preferential
alignment of the molecular chains in planes parallel to the

flow direction and perpendicular to the
field.

axis of the flow

This behavior, with the exception that the FEO pos-

sesses a low nucleation density under the conditions studied,

relates favorably to the comparison made with the postulated
structures of Hill and Keller.

,

I
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That this does not occur in the
final morphology for
the conditions studied is demonstrated
by the fact

that the

material is seen to develop into nearly
spherical entities

under shear.

Further, the row-like structures
demanded by

the models of Hill and Keller have not
been observed, in
this research, to form within the melt.
Row-like structures
have been shown to form on the glass plate
surfaces by po-

larized light and electron microscopy.

It is felt that

these structures form on surface heterogeneities,
perhaps
due to higher stresses generated by chains entangled
on the

heterogeneities
It has not been possible to microscopically determine
a change in the optical anisotropy of the single
particles

in going from the quiescent to the sheared systems.

Light

scattering has thus far been unable to determine if there is
an orientational change within each particle, as it is an

averaging technique and the particles are randomly oriented
under quiescent conditions.

Hence, it has not been experi-

mentally established that there is any orientational change
within each particle when it is subjected to a shear field
during its crystallization.
Baranov, et al .

76

have used light scattering techniques

to study the behavior of polyethylene and polypropylene

fibers as they crystallize upon being spun from the melt.
It was observed that ellipsoidal spherulites were formed

.
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within the fibers with their long
axes perpendicular to the
stretch direction. The aspect ratio
of the ellipsoids increased as the stretching was increased.
Orientation of
the crystallizing material was shown
by X-ray diffraction
patterns of the material after it had
completely crystallized.
The authors postulated that because of
the tangential orientation of the chains in spherulites of the
materials
studied,

it would take extra work to grow lamellae
in directions along
that of the stretching, or flow, and less
work to grow

lamellae in directions perpendicular to the
stretch, or
flow. Hence, the spherulites grow in the forms
of ellipsoids, the long axes (fastest lamellar growth
direction) of

which are perpendicular to the stretch direction.

Whether

these processes are at work in the PEO system studied
has
not been determined.

It will be recalled that the X-ray

diffraction patterns showed very little orientation of the
shear crystallized PEO.

Also, the rod-like entities in the

sheared PEO eventually grow into nearly spherical entities
which do not £ippear to be true spherulites, but rather less

ordered spherical crystalline aggregates.

Therefore, it

would appear that the processes postulated by Baranov, et q1 .
do not contribute greatly to the gross morphology of the rod-

like structures, but may affect the internal order of the

particles

Crystalline Texture
It appears that shear crystallization
affects the
texture of the resulting crystalline entities
on a level

below that of the orientation of the rod-like
structures.
Consideration of the electron micrographs of the

fracture

surfaces of the sheared and unsheared samples
demonstrates
a definite difference in the lamellar texture.

The un-

sheared samples posses large flat lamellae which run over
long distances.

This is in contrast to the fracture sur-

faces of the sheared material which show a finer lamellar

morphology.
Careful examination of the wide angle X-ray diffraction

patterns of already crystallized sam.ples shows a mottled
appearance in the rings of the quiescently crystallized
material.

This mottling is quite similar to that seen in

powder diffraction rings when the powder has not been ground
to a fine enough texture.

This would indicate that the

quiescent sample possessed rather large scattering entities.
On the other hand, the sheared sample showed no mottling of
the diffraction rings.

This would seem to be further evi-

dence that the texture of the sheared material was finer
than that of the unsheared material.

The finer structure of the sheared material ma^ be due
to two effects.

The first of these is fracture of pre-

existing crystalline aggregates during shear.

It is rather

.
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apparent from compar-isons of the
epi-micrographs of the
sample surfaces that the sheared material
still possesses
the radially symmetric crystalline
aggregates seen

in the

unsheared material.

However, these aggregates appear

smaller in the sheared material, are spaced
farther apart,
and are interspersed with what appears
to be crystalline
debris

Further evidence for fracture during flow is
given by
the plots of the number of particles as a
function
of the

fraction of transformed material in Figures 20 through
23.
These data show that, for the sheared cases, as the
fraction
of material transformed is increased, the number
of particles
at a given fraction of transformed material increases.
is only true, however, past a certain point.

of stress,

This

At low levels

the number of particles is lower for the sheared

cases than tho quiescent until a certain level of transformed

material is achieved.

This behavior seems to be self-

contradictiny until it is considered that there may be two
levels of disruptive processes occurring.

Sheldon

94

has studied the effect of extrusion rate and

temperature on the crystallization of PET.

It was found

that as the melt temperature was lowered, increasing the

extrusion rate decreased the rate of sample crystallization.
This was ascribed to the possibility of the shear stresses
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disrupting very small or just formed
nuclei, it would seem
reasonable that similar processes may
be occurring in the PEO
system being studied here. The stresses
generated within
the shear field disrupt small or just
formed nuclei returning
them to the melt or amorphous state.
However, those particles which survive past a certain critical
size grow
faster (perhaps due to mechanisms similar
to those
sug-

gested by Baranov, et al .) and, hence, there
are

a

smaller

number of crystalline aggregates for a given
fraction of

transformed material for the sheared case than the
unsheared case.
That a second disruptive process may occur is
evidenced
by the observation that at greater transformations of
sheared
material, the number of particles is greater than that for
the unsheared case at equivalent fractions of transformed

material.
ceeds.

This difference increases as crystallization pro-

The rupture of larger crystalline aggregates would

lead to an apparent increase in the number of particles

without an increase in the fraction of transformed material.
These fractured particles would instantaneously provide additional growth faces and, hence, increase the rate of transformation.

The previously mentioned data of Fritzsche, which

shows an apparent increase in the Avrami n value with in-

creasing shear, may be a consequence of this postulated fracture process.

Another possible effect would be that of

increased crystalline crosslinks with
fracture.
increase the stress on the system at

This would

a given shear rate and

temperature and, hence, the nucleation
rate.
Further, it is believed that particle
fracture has been
observed visually using polarized light
microscopy during

crystallization of the material.

However, the system is

constantly moving and it is quite difficult
to unequivocally
determine that the fracture process is indeed
occurring.

Attempts have been made to produce motion pictures
of the
process so that it could be studied at slower speeds.

Un-

fortunately, the combinations of filming speed and
illu-

mination intensity available have not proven sufficient
for
a detailed analysis to be conducted.
Evidence presented thus far is necessary, but not
sufficient, to support the hypothesis of particle fracture
as a major contributor to the morphology and kinetics of

the sheared systems.

Qualitative data tends to indicate

that fracture is indeed occurring.

Mowever, from this re-

search, there is not sufficient quantitative evidence to

discern between fracture and increased nucleation.

For

example, the data concerned with the number of particles
as a function of material transformed could be equally well

explained on the basis of increased nucleation density with

increasing stress.

Primary nucleation may occur at

rate in sheared cases.

a

higher

That these nuclei were present would

not be evident until they were of sufficient size

(approximately

2

- 3^)

Of the microscope.

to be resolved by the
optical system

Once they were of resolvable
size, their

number would greatly increase as
crystallization proceeded
due to the formation of crystalline
crosslinks. Those
crosslinks would increase the stress on
the melt at a given
shear rate and provide a self -accelerating
process. At the
speeds involved, it would be difficult
to visually
dis-

criminate between this process and fracture.
It would be expected that, if particle
fracture were
occux-ring when the particles reached a given
critical size,

the apparent nucleation process for the sheared
cases would

be best described by a time dependent exponential
birth

function.

This has not been found to be the case.

Both

the shear' and quiescent nucleation data are best
described
by linear functions.

Another factor which may negate the postulated fracture
process is the appearance of the electron micrographs of
the fracture surfaces of the sheared material.

While it

is true that the overall lamellar texture is finer than
tliat of

the unsheared material, it would be expected that

crystalline debris generated by the fracturing process
should be present.
In all probability, both fracture and increased

nucleation rate are active in determining the morphology
and kinetics of the sheared samples.

The fracture of the
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PEO studied is not difficult to conceive
when it is
considered that on a macro scale the material
is similar
to paraffin wax in its strength.
Further evidence for increased primary and secondary nucleation will
be discussed
below.

Temperature Coefficients

Turnbull and Fisher^^ have derived a theoretical

treatment of the nucleation phenomena present during
phase transitions of materials.

Their result may be

approximated by,
N

= N

exp

/ -AE

- AF*\

V

RT

V_7

;

where N is the nucleation rate, N
(n.^

is given by (n kT)/h

is the number of molecules per unit volume in the

mother phase, k is Boltzmann's constant, h is Planck's
constant and T is the temperature), aE is the free energy
of activation for transport across the nucleus-mother

phase interface and aF* is the free energy of formation
of a critical sized nucleus.

This relation predicts that

just below the melting point of the material, the nucleation

rate has a negative temperature coefficient.

This portion

of the nucleation rate-temperature curve is controlled by

the AF* term.

At temperatures just above the glass-transition

temperature of a polymer, the nucleation rate has a positive
tem.perature coefficient.

This portion is controlled by the
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transport term.

At some temperature between
those of

melting and glass transition, the terms
balance each
other to give a maximum nucleation rate.

This overall

behavior produces a bell-shaped curve with
limits at the
melting point and glass transition temperatures.

Hoffman and Lauritzen^^

'

^'^

have theoretically treated

the kinetics of polymer nucleation and
crystallization in
light of the work of Turnbull and Fisher. Their
major

effort was directed toward evaluating the free
energy of
formation term, aF*. The analysis is based on considerations of the bulk and surface free energies of the

nucleating or crystallizing material.

Various arrangements

of the crystallizing polymer chains such as folded or

bundle-like and methods of nucleation such as heterogeneous
and homogeneous were considered.

Application of the free energy terms derived by Hoffman
and Lauritzen to the Turnbull-Fisher eguations yield expres-

sions of the form,
N

exp

=

-AE/RT - UT ^/T( AT)
m

V-8

-aE/RT - UT /T( AT)
m

V-9

'

or
«

N

r

= N

c

exp

where U con-Uains lateral and end interfacial free energies of
the nuclei.

Equation V-8 corresponds to the homogeneous

formation of

a

three dimensional nucleus v/hile V-9 is for

the formation of a mionolayer nucleus.

In theory, plots of

In N versus T

/T ( aT )
^ /iKiii)

or tlyT(AT)
/t c
should yield a straight
^

line depending on the nucleation
mechanism.

These plots

were made for the data collected in
the present research.
In this case, as is usually true
for other systems, the

goodness of fit was the same for both
cases.
are shown in Figure 47 for the
T^/t(aT) plot.
the quiescent case was quite good.

These results
The fit for

The sheared cases could

not be fit with a linear relation and,
hence, non-linear
best-fit curves are drawn through the points.
As can be
seen, as the temperature is lowered and,
hence, the stress
on the system at each shear rate increased,
the deviation

from the quiescent case becomes greater.

The same trend

is followed at each of the shear rates.

Equations V-8 and V-9 may be written in general terms
as
In N =

In N

-

^

v/here f(AT)

AE

-

Uf(AT)

v-10

RT

is the functional temperature dependence pre-

viously discussed.

This is the form in which the equations

were previously cast for Figure 47.

If it is assumed that

equation V-10 still describes the behavior of In

N

(that is,

there is not an additional factor) under shear conditions,
it would appear that the transport energy is decreasing with

increasing stress while the term containing the bulk and
interfacial energies is becoming larger.
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The alternate approach may be taken
that the deviations
from the quiescent case are due to the
stress supercooling
of the system.
This approach will be adopted in
a later
section.
It may be pointed out here that
comparisons
of

the stress supercoolings necessary to
produce the behavior
in Figure 4 7 compare favorably with those
predicted by an
alternate (though probably less accurate)
non-linear extra-

polation treatment of the experimental data.
A similar treatment may be applied to the growth
rate
data.

Growth data exists only for the quiescent case, as

it was not possible to keep one or more growing
particles
in the field of view during shear crystallization.

be seen in Figure 48, the fit is quite poor.

As can

It was for

this reason that curves were drawn through the points.

Barnes, Luetzel and Price,

found that a T^/T(aT) de-

pendence yielded the best fit for various molecular weight
PEO samples, including Carbowax 20-M.

However, there was

also considerable scatter about the best fit straight line
in their data for the 20-M case, and the same type of

curvature as seen in this research appears to exist.

Both

temperature dependencies yielded equally poor fits in this
research.
The temperature dependence

showoi by Barnes,

et al

.

is

reasonable if it is considered that growth is nucleation
controlled and proceeds by the laying dovm of polymer chains

on already crystallized material,
i.e., a monolayer

nucleation process.
It will be recalled from the
previous discussion of
Avrami kinetics that the overall rate
of crystallization,
K, is dependent on both the
rates of nucleation and growth
as well as the growth habit.
Various forms of K may be
cast depending on the postulated
mechanisms of nucleation
and growth.
Substitution of the equations for G and
N

appropriate to the mechanisms will yield a
relation for K
of the form,
In K = B - Uf(AT)

where U and f(AT) have the previously stated
meanings and
B is a term containing geometric factors.
In K as a function of T^/T(aT) or

Hence, plots of

T^^/T(M)^ may be made

in an attem.pt to determine the growth and nucleation
mech-

anisms.

Such a plot is shown in Figure 49 for the sheared

and quiescent cases.

Unfortunately, the scatter of points is quite bad.

No

apparent difference could be seen between the T^/T(aT) case
or the T^^/T(AT)^ case.

The data scatter is due to the

previously discussed shortcomings of the methods employed
to determine the fraction of transformed material in this

research.

Again, the quiescent case could be fit by a

straight line while curves had to be used to fit the shear
data.

Mc'indelkern,

Quinn and Flory

plotted In K versus

fCAl')

data for PEO and found that it could not be fit by a straight

line unless the value of the
melting point were changed
fro. 66 to 69° C. The scatter
in the points presented
here
allows nothing more to be said
than the value of K appears
to increase with shear. This
would be a reflection of the

increased nucleation rate observed in
Figure 47.
As was stated previously, it was
not possible to
determine the growth rates of the
particles in the sheared
cases due to their movement. Recalling
equation 1-3, we
may express the Avrami K constant as,
K = JiUG^
3

for the case of a spherical crystalline
entity.

Let it be

assumed that the particles in the system studied
in this re
search are spherical. Hence, knowing N and K for
each of
the cases, the value of G for each case may be
determined.

These values are given in Table 4.

it should be recalled

that the developing crystalline entities were actually

rod-like; however, the growth rates of the semi-major and
semi -minor axes were essentially equal.

The values determined here for the quiescent cases are

somewhat smaller than those determined from direct measure-

ment in Figure 27.
given in Tables

2

Keeping in mind the errors in K and N
and 3, it appears that the growth rate

does increase with increasing shear.

It should be noted

that the magnitudes of the increase of the growth rates

v;if
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TABLE 4

CALCULATED GROWTH RATE AS A FUNCTION
OF SHEAR RATE AND TEMPERATURE
Temp., °C

Y

i

Sec

-1
AT

G u/Sec

53.8

0

12.2

0.12

53.8

8

12.2

0.34

53.8

12

12.2

0.42

53.8

22

12.2

0.24

51.6

0

14.4

0.30

51.6

8

14.4

0.47

51.6

12

14.4

0.82

51.6

22

14.4

0.80

50.4

0

15.6

0.55

50.4

8

15.6

0.59

50.4

12

15.6

1.27

50.4

22

15.6

1.09

shear at each supercooling are
close to those observed
for the primary nucleation data.
Hence, the increase in the Avrami K
value with shear
is not entirely due to an increased
rate of primary nucleation, but includes an increase in the
rate of secondary
nucleation as reflected by the growth rates.

Stress Induced Supercooling
As previously discussed, Flory^^ and Krigbaum
and Roe"^^

have treated the effect of stress on the melting
point of

crosslinkod systems.

Flory's analysis will not be con-

sidered here, as certain assumptions concerning
crystalline

orientation in the stressed system are not felt to be valid
in this system.

Haas and Maxwell^^ adapted the analysis of

Krigbaum and Roe in order to treat their stress crystallization data.

These investigators have expressed the

Krigbaum.-Roe theory as,
AT

where

AT. +
1

aT is

mm

(t'VaH )(t^/2G

s

)

the effective supercooling of a system,

aT^ is

the ind.tial supercooling of the system due to temperature de

crease only,

T^ is the thermodynamic melting point of the

material under consideration,

aH^^^

is the heat of fusion per

statistical segment, Tis the shear stress imposed on the
system and

is the elastic shear modulus.

Hence, the

additiona]. supercooling of the material due to stress may
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be given by,

The term t^/g^ must be evaluated.

This may be done by

utilization of the Weissenberg hypothesis
where,

and

is the normal stress imposed on
the system.

It has

been found by White and Metzner^^ that
there is a slight
deviation from a lineax relationship between
and N

below

a shear

s

rate of 50 sec"^ for a parallel plate geometry.

That is, the value of

predicted from

2

t^/G

by the

Weissenberg hypothesis is slightly below that observed.
With this deviation in mind, the relationship,
T^/2G^ = N /4
G
S

may be cast.

Hence, the additional supercooling due to

stress may be given by,
AT^ = T°
a

m

N /4aH
s'

m

which reduces to,
AT^ = 8.33 X 10"^ N
a
s

upon substitution for the appropriate values of
Values of

T°

m

and aH

m

have been measured for the Carbowax 20-M used

in this research.

In order to compare the results predicted by the

Krigbaum~Roe relationship to the values observed in this
research, it is necessary to find a suitable means of

.

measuring the supercooling imposed by
shearing the material.
This may be obtained from the nucleation
rate data. It will
be recalled that plots of In N versus
(T^/T)(1/aT) yielded a
fairly good linear fit to the quiescent
cases. The
least-

squares best fit line to these quiescent cases
may be used
to measure the additional supercooling at each
sheared condition.

Therefore, the question is asked, "At what super-

cooling would the system have to be in the quiescent
state
to produce the nucleation rate observed in the sheared
state?".

Once this is determined, the additional super-

cooling due to the stress imposed on the system may be
had from the difference between the actual temperature at

which the system was crystallized and the equivalent tem-

perature at which the observed nucleation rate would have
occurred under quiescent conditions.

The results of this

analysis and those predicted by the Krigbaum-Roe treatment
are given in Figure 50.

Agreement is somewhat better than

that found by Haas and Maxwell who found the predicted

values to be almost an order of magnitude less than those
observed.
The relation derived by Krigbaum and Roe was done
for a crosslinked elastic system.

It must be considered

how this relates to the system presently being studied.
The elastic nature of the system may be treated by
the method of Philippof f

, '^'^'^

Let the recoverable shear

in a flowing system be given by
n^/t

.

The reversible

elastic energy of the flowing material
is defined by,
E = 1 G (N /T )^
2

If the Weissenberg hypothesis is again
invoked, this

relationship reduces to,
E = N

s

Hence, the reversible elastic energy of the
system may be
expressed as the normal force of the system as
has been
done in the previous treatment of the Krigbaum-Roe
theory.

The crosslinked nature of the PEO melt is due
to
chain entanglement.

It has been shown by Porter and

Johnson^^^ and Teramoto and Fujita^°^ that the critical
entanglement molecular weight for PEO is approximately
10,000
As has been shown, the molecular weight of the material

use

for this study is well above that value.
It should be noted that the supercooling predicted by

the Haas and Maxwell treatment of the Krigbaum-Roe theory
is independent of the actual temperature at which the data

are taken.

This is reasonable for a vulcanized system in

which the molecular chains between crosslinks may not relax

from their extended state.

Considering Figure 50, this doe

not appear to be the case for an uncrosslinked melt.
Lodge,

Philippoff^^"^"^*^^ and Peter lin^^"^ have

attempted to correlate the flow birefringence of a sheared
system with the applied stress.

It was found that the stre

optical coefficient (ratio of
birefringence to stress)
was constant regardless of the
concentration (ranging
from a few tenths of a per cent to
pure material),

molecular weight or temperature of the
material.
suming that the measured birefringence is

As-

due to the

sum of the polarizabilities of the chain
segments, the

constancy of the stress optical coefficient
indicates
that regardless of the condition of the
sheared

material,

as long as an equal amount of stress is
supported by the

various systems, the average orientation of the
segments
is the same.

This would seem to support the temperature

independence of the Krigbaum-Roe theory for the case of

uncrosslinked melts.
In this research, it is felt that the elastic nature
of the melt leads to mutual alignment of the polymer chains

upon imposition of a stress on the system.

The additional

supercooling due to stress has been measured by comparing
the nucleation rates of sheared and unshesred samples at

equal initial supercoolings .

It will be recalled that the

theory of Turnbull and Fisher is based on the formation of
critical sized nuclei.

As the temperature of the mother-

phase is raised (or supercooling decreased), the required

dimensions of the critical sized nuclei increase,

Impo-

•

sition of stress on a system leads to favorable conditions
for the creation of critical sized nuclei through the mutual

alignment of polymer chain segments.

Hence, the number of

segments which must be so aligned increases
with increasing
temperature due to the larger dimensions
necessary to form
a critical sized nucleus.

Consider the probability of a polymer statistical
chain segment (possibly consisting of many monomer
segments)

adopting a configuration under shear which is favorable
for
the formation of a critical sized nucleus. In order
for

nucleation to occur,

a

given number of groups of statistical

chain segments must adopt a mutual alignment sufficient to

form a critical sized nucleus.

The probability of this

occurring is approximately equal to the probability of one
statistical chain segment adopting a favorable configuration

raised to

a

power equal to the number of groups of statistical

segments required to form

a

critical sized nucleus.

As the

temperature is raised, the size of the nucleus and, hence,
the number of aligned segments required, becomes greater.

Hence, the probability of the formation of a critical sized

nucleus at a given level of stress decreases as the tem-

perature increases.
The probability of the formation of a critical sized

nucleus is further decreased through stress relaxation of
the polymer chain's.

As the temperature is increased, the

stress relaxation times at a given level of stress decrease.

Because the residence time for each statistical segment in

a

given favorable configuration is less,
the probability
of forming a critical sized nucleus
is further decreased.
Hence, even though a given level of
stress will impose
the same overall orientation in a system
regar-dless of the
temperature, the probability of this orientation
leading to
the formation of a critical sized nucleus
decreases as the

temperature is increased.

This is due to the negative tem-

perature coefficient of the nucleation process and the
shorter stress relaxation times of the polymer chains.
This behavior is reflected in Figure 50.
Hence, it appears that the increase in the nucleation

rate of the sheared system considered here may be described
in terms of stress supercooling.

An adequate theoretical

description of this behavior must include the effect of
temperature on the relaxation of the entangled chains.

An

added complication for a low strength material such as PEO

may also be the previously discussed shear fracture.
It has been further observed that the nucleation rate
as a function of shear rate may be fit by a straight line

at each temperature of crystallization.

shown in Figure 51.

It

v>/ould

These results are

appear from these plots that

the slopes at each temperature would be a function of the

supercooling.

Attempts to describe the functional rela-

tionship of the slope to the supercooling in terms of a

polynomial in

AT

have not proven successful.

Hence, the

value of the slope at each supercooling
is dependent on
AT as well as some other factor
such as the stress relaxation of the system.

Kobayashi and Nagasawa^"^ have attempted
to predict
the increase of nucleation rate with
shear in crystallizing
polymers, their approach is based on
expressing
the in-

creased nucleation rate through the addition
of a shear
entropy term to the Turnbull-Fisher equation.
In turn,

the entropy of the sheared system is expressed
in terms
of the strain on the system.

An attempt was made to apply

this analysis to the data gathered in this
research.

The

strain on the system was expressed in terms of the
re-

coverable shear strain T/G^.

Unfortunately, there was

very poor correlation between the predicted and observed
results.
Due to the very strong dependence of the nucleation

rate versus shear rate curves on supercooling, it again
appears that additional information regarding the re-

laxational processes in the system is necessary to ade-

quately describe the behavior.
It should be recalled that, for the shear rates and

temperatures considered, the rheological behavior of the
PEO used is Newtonian.

This lack of shear-thinning be-

havior would tend to indicate a lack of flow orientation of

flow orientation of the molecules.

Hence, in the Newtonian
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region studied, molecular orientation
leading to increased
nuclcation rates should probably be
ascribed to elastic
behavior of the melt.
Conclusions
It has been shov^n by this research
that for an

uncrosslinked melt of polyethylene oxide,
relatively low
shear rates and stresses will produce
changes
in the

crystallization kinetics and morphology of the
material.
It should be recalled that this research
was carried out
in the region of Newtonian behavior.

Hence, it would ap-

pear that the observed effects are due to orientation
of
the molecular chains through the elastic nature of
the

melt rather than flow orientation as would be reflected
by shear-thinning behavior in the rheological data.
This elastic orientation leads to an additional

supercooling of the system similar in nature to that

postulated by Flory and Krigbaum and Roe.

However, these

theories were derived for crosslinked systems where the
stress relaxation is very low if not non-existent.

For

the case studied here, the crosslinks in the system are
in the form of chain entanglements in the melt.

Addi-

tional effective crcsslinking may occur as the system

crystallizes due to the action of the crystallites as

pseudo-crosslinks.

This would lead to an increasing

supercooling due to increasing stress.

However, the

initial entanglements in the melt
are constantly rearranging under the effects of shear.
This would be
reflected in the stress relaxation of the
chains in the
melt.
Hence, the theories of Flory and
Krigbaum and Roe
would have to be modified to take into
account the relaxation processes occurring in sheared
uncrosslinked
melts.

The additional supercooling due to shear is
reflected
in the increased rates of primary and
secondary nucleation.

The strong dependence of the change in nucleation
rate with
shear rate on initial supercooling is another
indication of
the role relaxational processes must play.

The morphologies of the crystallizing and crystallized

material further reflect the effects of shear on the material.

Electron micrographs as well as X-ray scattering

patterns show a much finer lam.ellar texture for the sheared
material.

This is consistent with the increased nucleation

rates observed.
This research has provided scant quantitative evidence
for the postulated mechanism of crystallite shear fracture
as a determining factor in the crystallization kinetics.

Qualitative evidence appears to be minimal and could be
equally well explained by the increased primary nucleation
rate.

Som.e

quantitative evidence for the fracture mechanism

has been shown by Fritzschc, however.

The importance of the stress
on the system, rather
than
the Shear rate, has been
demonstrated by the rapidly increasing effect Of Shear as the
supercooling
and, hence,

stress on the system is increased.

The importance of stress

was further demonstrated by the
addition of higher molecular
weight material which increased the
stress imposed on the
system over that of the Carbowax
20-M at equivalent conditions of shear rate and supercooling.

The material used for this research
was ideal with
respect to its relatively low nucleation
density which allowed light microscopy of the crystallizing
melt to be
carried out. It should be recalled that
the material contained a fairly high amount (0.95 per cent)
of residual
catalyst. This heterogeneous material has the
potential
of being an active nucleation agent.

However, even with

the large amount of residue, the material still
possesses
a low

nucleation density.

Studies by Chatter jee'^°^ have

shovm that PEO is quite difficult to nucleate with
hetero-

geneous material, especially metallic oxides.

It might

further be expected that row-like nuclei would form within
the melt under shear conditions.

As previously pointed out,

these structures have never been seen, in this research, to

form within tne melt, only on the scratches on the glass
shearing plates.

From the limited information available,

it does not appear that the catalyst residue has a great

effect on the observed nucleation
rates.

However, this

presence of heterogeneous material
must be kept in mind
when drawing general conclusions.

Orientation of the shear crystallized
material appears
to be minimal as evidenced by DSC and
X-ray analysis.
The

row-like structures observed are similar to
those of
Andrews. However, they do not constitute
a large fraction
of the total morphology.
They appear to be a surface

phenomena in this material.

Orientation of the gross

sheaf -like morphology during crystallization does
occur,
as evidenced by polarized light microscopy
and light

scattering.

It has not been determined whether the shear

conditions produce selective growth rates in the material
as postulated by Baranov,

et a l.

The orientation of these

sheaf-like structures with their long axes perpendicular to
the flow direction can be described in terms of hydro-

dynamic theory.

The similarity of the morphology produced

by these hydrodynamic factors to those postulated by Keller
and Machin for material crystallized under low stress de-

serves further research and consideration.
In conclusion, it appears that the major effect of the

relatively low stresses on the system studied was to increase the nucleation rate of the system through elastic

orientation of the molecular chains.

This has been demon-

strated by both crystallization kinetics and morphological

studies.

It does not appear that the
shear condition
studied in this system produce long
range crystalline
order, or high degrees of orientation.

CHAPTER VI

FURTHER RESEARCH
The research reported here has provided
only an initial
indication of the processes occurring in sheared
uncrosslinked melts that are not constrained or greatly
effected

by boundary conditions of a shearing apparatus.

Unfor-

tunately, polyethylene oxide is not commercially
important
in terms of a material that is subjected to shear
during

processing.

Hence, any further studies on shear crys-

tallization of polyethylene oxide would probably be of
minimal value.

Hence, another polymer should be used for

any further research.
It would be most useful to carry out studies over a

range of molecular weights of the same material.

However,

the molecular weight of the samples used should be narrow
in their distribution.

The effect of the concentration of heterogeneities
such as catalyst residue on the shear crystallization

kinetics should also be studied.
The present method of data collection for the

crystallization kinetics studies is extremely tedious and
time consuming.

If a great deal of kinetic research, using

the previously described instrument, is to be carried out
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in the future, some type of automatic
counting device
should be employed. Unfortunately, it is
doubtful that

utilization of such a device will overcome
the inherent
inaccuracies of the kinetic analysis employed.

Light scattering appears to be

a

promising technique

for studying the early stages of crystalline
morphology
in the sheared systems.

This method may also provide a

useful technique for determining overall crystallization

kinetics by following the average particle size as

a

function of time.
Lastly, the stress relaxations and stresses occurring
in the crystallizing system must be better characterized
if a satisfactory quantitative description is to be derived.

This, in conjunction v;ith experiments carried out over wider

ranges of temperature and stress, may then lead to an ap-

propriate modification of the theories of Flory and

Krigbaum and Roe for flowing uncrosslinked melts.
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Number of crystalline particles as a function
of log^ fraction of transformed material for
Carbowax 20--M plus 4.7 per cent WSR-205 at
51,6° C for shear rates of 0, 8 and 22 sec"'''

Figure 24

Ratio of number of crystalline particles for
8 sec
case to number in quiescent case as
a function of log fraction of transformed
material at Sl.G'^C for Carbowax 20-M,
batch 894, and Carbowax 20-M plus 4.7 per
cent WSR-205

Figure 25

Ratio of number of crystalline particles
for 12 sec
case to number in quiescent
case as a function of loq fraction of
e

transformed material at 51. 5° C for
Carbov/ax 20-M, batch 894,

and Carbowax 20-M

plus 4.7 per cent WSR.205

Figure 26

Ratio of number of crystalline particles
for 22 sec

case to number in quiescent

case as a function of loq

^e

fraction of

transformed material at 51»6°C for
Carbowax 20-M, batch 894, and Carbowax 20-M
plus 4.7 per cent WSR-205
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Figure 27

Radius of semi-major and semi-minor axes
of
rod-like crystalline aggregates as a function
of time for quiescent crystallization
of
Carbowax 20-M, batch 894, at temperatures
of 53.8,

Figure 28

51.6 and 50.4°C

Radius of semi-major and semi-minor axes of
rod-like crystalline aggregates as a function
of time for quiescent crystallization of
Carbov;ax 20-M plus 4.7 per cent VJSR-205 at
51.6° C

Figure 29

Angular distribution of long axes of rod-like
crystalline aggregates to flow direction for

Carbowax 20-M, batch 894, at 53. 8° C for shear
rates of 0, 8, 12 and 22 sec"^
Figure 30

Angular distribution of long axes of rod-like
crystalline aggregates to flow direction for

Carbowax 20-M, batch 894, at 51.6° C for shear
rates of 0, 8, 12 and 22 sec""^

Figure 31

Angular distribution of long axes of rod-like
crystalline aggregates to flow direction for
Carbowax 20-M, batch 894, at 50.4° C for shear
rates of 0, 8, 12 and 22 sec"^

Figure

32

Angulej: distribution of long axes of rod-like

crystalline aggregates to flow direction for

Carbowax 20-M plus 4.7 per cent WSR-205 at
51.6° C for shear rates of 0, 8,

12 and 22 sec
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Figure 33

Photograph of developing rod-like
crystalline
aggregates under quiescent conditions in
Carbowax 20-M, batch 894, 1mm

=

7^

Figure 34

Photograph of developing rod-like crystalline
aggregates and their orientation normal to
the shear direction (arrow) in Carbowax 20-M,
batch 894, 1mm = 7^

Figure 35

Small angle light scattering photographs of
crystallizing Carbowax 20-M, batch 894; flow
direction is vertical for sheared cases; temperature of crystallization is 53.6° C; E is a
measure of relative exposure; the period of
time that has passed since the cooling of the
melt to the crystallization temperature is

indicated by t
a.

V^,

b.

V^, 12 sec"^, E

c.

V^,

d.

V^, 12 sec"-^, E

0

sec"^, E

H^, 12 sec"-^, E

g.

Vj^,

h.

H

Figure 36

=

1.000, t

0,

100°C melt

(45°

335

-

=

0.075, t = 335

12 sec"^, E = 1.500, t

260

=

to flow direction), 12 sec""^,
'

'

E - 0.030,

H

=

t = 335

f.

i.

1.000, t

to flow direction), 12 sec""^,

E = 0.075,

v

=

12 sec~^, E = 1.000, t - 300
(45°

e.

0.075, t = 335

-

,

t = 260

12 sec"^, E

=

15.000, t

=

260

Plot of scattering intensity as a function of

scattering angle 0for Figure 35d
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Figure 37

Epi-photomicrographs of Carbowax 20-M, batch
894,
crystallized at 51.6° C under quiescent
conditions,
32X magnification
a.

b.

Figure 38

Epi-photomicrographs of Carbowax 20-M, batch 894,
crystallized at 51.6° C under shear rate of
32

a.

b,

Figure 39

sec

,

64X magnification

row-like structures
spherical crystalline aggregates

Polarized light photomicrograph of row structure
developing on bottom glass shearing plate during
shear crystallization of Carbowax 20-M, batch 894,
1mm

Figure 40

free surface crystallized
crystallized in contact with glass
shearing plate

=

9.6^ (arrow indicates flow direction)

Transmission electron micrograph of fracture
surface of Carbowax 20-M, batch 894, cryc:.tallized
under quiescent conditions at 51.6° C, 25mm

Figure 41

l\i

Transmission electron micrograph of fracture
surface of Carbowax 20-M, batch 894, crystallized
under quiescent conditions at 51.6° C, 25mm

Figure 42

=

=

l\i

Transmission electron micrograph of fracture
surface of Carbowax 20-M, batch 894, crystallized
at shear rate of 32 sec" at 51.6° C, 25mm = l^i
'

Figure 43

Transmission electron micrograph of surface of
Carbowax 20-M, batch 394, crystallized at shear
rate of 32 sec

at 51.6° C; from same region as

Figure 38a (arrow indicates flow direction during
crystallization) 2mm

- l^

C
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Figure 44

Higher magnification of area outlined in
Figure 43, 25mm = lu

Figure 45

Wide angle X-ray diffraction photographs of
Carbowax 20-M, batch 894, crystallized at 51.6°
a.

b.

crystallized under quiescent conditions
crystallized at 32 sec~^

Figure 46

Flow-field co-ordinate system

Figure 47

Log^ of nucleation rate as a function of
T^/T(aT) for shear rates of 0, 8, 12 and
22

sec"''"

for Carbowax 20-M, batch 894

Figure 48

Log^ of growth rate as a function of
T^/T(aT) for quiescent crystallization of
Carbowax 20-M, batch 894

Figure 49

Log^ of Avrami K constant as a function of
T /T(aT) for shear rates of 0, 8, 12 and
22 sec

Figure 50

-1

for Carbowax 20-M, batch 894

Observed additional stress supercooling as
a function of normal stress at the temperatures
of 53.8,

51.6 and 50.4° C for Carbowax 20-M,

batch 894, compared to the predictions of
Krigbaum and Roe

Figure 51

Nucleation rate as
at 53.8,

batch 894

a

function of shear rate

51.6 and 50.4°C for Carbowax 20-M,
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LIST OF SYMBOLS
a

aspect ratio

B

geometric term

t^^/t>2

semi-major axis of ellipsoid
b2

semi-minor axis of ellipsoid

C

orbit constant

E

reversible elastic energy

lE

free energy of activation for transport across
nucleus-mother phase interface

f

(

AT

)

functional temperature dependence

aF*

free energy of formation of

G

growth rate

a

critical size nucleus

growth rate of semi-minor axis
G_.

growth rate of semi-ma jor axis

G

elastic shear modulus

s

constant

h

Planck

AH

heat of fusion per mole of statistical segments

I

depolarized light intensity in absence of sample

I

depolairized light intensity during crystallization

'

s

final depolarized light intensity

constant

k

Boltzmann

K

Avrami K

m

number of statistical segments between crosslinks

n

Avrami n

'

s

168

169

number of molecules per unit volume in mother phase
N

number of statistical segments per chain

N

nucleation rate

N

n^kT/h

c

N

1

normal stress

s

density of amorphous material
p

density of crystalline material

P

period of rotation

r

radius of scattering entity

R

gas constant

t

time

T

temperature

AT

effective supercooling

AT

a

additional supercooling due to stress

aT^

initial supercooling due to temperature only

T

observed melting point

m

T°

equilibrium melting point

Tr^

initial parallel polar light intensity

Tr

parallel polar light intensity during crystallization

m

t

Tr^o

final parallel polar light intensity

U

term containing interfacial free energies as derived
by Hoffman and Lauritzen

V

velocity
see Figure 45
see Figure 46
see Figure 46

initial volume of sample

volume of sample during crystallization
final volume of crystallized sample
spin about axis of symmetry

plate separation
see Figure 46

see Figure 46
see Figure 46

fraction of crystalline material
shear rate

scattering angle
see Figure 46

angular rotation of

axis

elongation ratio
stress

initial stress in Flory relation
see Figure 46
see Figure 46

angular motion of axis of revolution

mm

mm

